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i
“If the environment is regarded as a scarce resource, then the deterioration of the
environment is also an economic problem.”
Edward B. Barbier (Barbier, 1989).
Abstract
The value of natural capital in countries around the world, including the UK, has
been continuously decreasing due to the degradation of natural resources. The
lack of accounting and financial mechanisms dedicated to measure and recover the
value of natural capital, combined with low investment allocations from private
investors, have been a determinant factor contributing to this decline. Given this
consideration, the present work defines three objectives in relation to natural capi-
tal accounting and finance. First, to investigate the use of natural capital accounts
to study changes in natural capital value and identify the major factors impacting
the risk of declining natural capital and wealth using the case study of the UK.
Second, to analyse the performance of investments in natural capital assets. Fi-
nally, to examine the use of Sovereign Wealth Funds as a financial mechanism to
dedicate major investments in natural capital. In relation to the first objective, a
stochastic model for risk analysis is developed to estimate changes in UKs wealth
using data on produced, human, and natural capital asset values reported by UK
authorities between 1992 and 2012. Results show that natural capital losses in
the UK have been mainly driven by a decrease in value of non-renewable natural
capital, together with variations in the value of ecosystem services. Nevertheless,
as non-renewable natural capital reach depletion, focus shall be given over coming
years to recover renewable natural capital. As part of the second objective, the
present work evaluates the performance of investments in real and non-real natu-
ral assets and compare it with those of traditional asset classes using time series
analysis of historical returns. The obtained results indicate that, when investing
in natural capital, investors should focus on real natural assets as their finan-
cial benefits are higher than those from equities, bonds, real estate or even some
infrastructure assets. Regarding the final objective, this work models the invest-
ment portfolio of an oil-based SWF using Norways Pension Fund Global as a case
study and employs out-of-sample simulation technique to estimate global efficient
portfolios while considering their relationship with oil prices. In this regard, the
final results demonstrate that SWFs are able to challenge their current allocation
range in natural assets (2-5%) to a higher range (15-20%) while still benefiting
from those investments. The overall conclusion from this research suggests that
combining the importance of effective natural capital accounts, the financial ben-
efits of natural capital investments, and the role of financial mechanisms such as
SWFs is essential to increase the value of natural capital.
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reqt Composite return for equities at time t
rret Composite return for real estate at time t
rnat Composite return for natural assets at time t
N eq Set of equity investments
N re Set of real estate investments
N fi Set of fixed income investments
Nna Set of natural asset investments
αeq Percentage of assets allocated into equities
αre Percentage of assets allocated into real estate
αfi Percentage of assets allocated into fixed income
αna Percentage of assets allocated into natural assets
weqt Set of weights allocated to equity assets
wret Set of weights allocated to real estate assets
Symbols
wfit Set of weights allocated to fixed income assets
wnat Set of weights allocated to natural capital assets
weqG,t Global efficient weights allocated to equity assets
wreG,t Global efficient weights allocated to real estate assets
wfiG,t Global efficient weights allocated to fixed income assets
wnaG,t Global efficient weights allocated to natural capital assets
zeqt Set of returns for equity assets at time t
zret Set of returns for real estate assets at time t
zfit Set of returns for fixed income assets at time t
znat Set of returns for natural capital assets at time t
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Introduction
1.1 Background
T
he value of natural capital in countries around the world has been con-
sistently declining over the past decades. In the UK, for instance, the
Office for National Statistics’s (ONS) initial estimates suggest that nat-
ural capital losses in this country were as high as £183 billion (in constant 2014 £s)
between 2009 and 2014, indicating a drop of 32.3% in only five years (ONS, 2016c).
Similar trends are also found in many other countries. Figure 1.1 shows the trends
of natural capital value between 1990 and 2010 in 19 different countries across the
Americas, Europe, Asia and Africa, using the most recent estimations provided
by the UN University International Human Dimension Programme (UNU-IHDP)
and the UN Environmental Programme (UNEP) in the Inclusive Wealth Report
(UNEP&UNU-IHDP, 2014). The information from the figure is also given in Table
1.1, which presents the changes in natural capital net value per country and their
corresponding percentages. From the values shown in the figure and the table, we
can conclude that, with the exception of France, the value of natural capital in
the rest of the countries is on downward trajectory. Moreover, when we examine
the Inclusive Wealth Report data in detail, we can confirm that this situation is
actually shared by the vast majority of countries worldwide.
Many scholars, including Rands et al. (2010); Hails and Ormerod (2013); Barbier
(2014b) and Mace et al. (2015), agree that the generalised loss of natural capital
1
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Figure 1.1: Natural capital values reported by the Inclusive Wealth Report
in trillions of constant 2005 US$ (UNEP&UNU-IHDP, 2014).
value is mainly the result of human-induced factors such as overexploitation of
natural resources, soil erosion, water pollution, loss of biodiversity, and increasing
population. These factor are also recognized by Benwell et al. (2014), who in
addition point to the inadequate consideration for nature within decision-making
as one of the most important reasons for nature’s decline. It has become widely
accepted that the lack of accounting and financial mechanisms dedicated to the
measurement and recovery of the value of natural capital has contributed to the
degradation of nature (Smith et al., 2017; MEA, 2005). Rapacioli et al. (2014), for
instance, suggest that because of the absent of proper accounts, natural capital
have been largely hidden from the corporative narrative, ignored by most investors,
and excluded from government agendas, resulting in declining trends of natural
capital reserves. Moreover, Guerry et al. (2015) argue that the value of natural
capital is not always clear to decision makers or the public, limiting the adoption
of tangible changes in the operation of business and governments. This argument
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Table 1.1: Natural capital value change per country, 1990-2010. Source:
UNEP&UNU-IHDP (2014).
Region Country Value change % of change
(in million 2005 US$)
US -784,631 -8.3%
Canada -405,394 -8.5%
Americas Mexico -172,269 -17.3%
Brasil -493,630 -9.8%
Colombia -103,471 -8.8%
Germany -170,403 -10.7%
Spain -90 -0.0%
Europe France +8,452 +3.1%
UK -216,281 -81.0%
Norway -234,100 -53.6%
Nigeria -184,234 -22.3%
Africa Congo -18,759 -7.5%
Cameroon -47,153 -19.0%
South Africa -87,100 -12.6%
China -1,003,511 -12.9%
Japan -20,769 -5.2%
Asia & Oceania Malasya -113,155 -25.4%
Australia -288,567 -9.6%
NZ -38,652 -22.5%
is also supported by Zhang et al. (2010) and Jones (2010), who report that in
the absence of robust natural capital accounting systems and support investment
mechanisms, the valuation of nature stays outside the realm of economic activity
and decision-making, and also prevents private enterprise and public authorities
from developing strategies to reverse the declining trends witnessed today.
Therefore, as stressed by Helm (2015), if the value of natural capital is to be re-
covered, actions must be taken to develop and implement natural capital accounts
that provide information on the condition of natural resources. In this regards,
Bateman et al. (2015) show an example of how monetary valuation of natural
assets and ecosystem services can be helpful to this purpose. Moreover, natu-
ral capital accounts are an important additional tool for informing on sustainable
development (WAVES, 2014). Such accounts allow to identify areas of natural cap-
ital deficit that may require intervention or prioritize investments (NCC, 2014a).
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The TEEB (2010) recognizes that accounting for natural capital provides a mean-
ingful approach to treat ecosystem impacts as externalities and put sustainability
into practice. In addition to natural capital accounts, novel financial mechanisms
able to dedicate significant investments in natural capital assets should be also
introduced in order to maintain and recover the value of natural capital (NCC,
2014b). Recovering natural capital value and reversing decreasing trajectories are
essential to national and regional authorities in their aim to achieve sustainable
development goals (Dasgupta, 2010), they are important for the society to se-
cure levels of well-being (Dasgupta, 2004), and they are integral to the long-term
decision-making strategies of businesses (NCC, 2016).
Many international organisations, national governments, private sector entities,
and academics have nevertheless focused strongly in recent years on creating nat-
ural capital accounts and furthering the development of financial mechanism for
natural capital. Examples of efforts by international organisations include the
introduction of ecosystem assessments, such as the Millennium Ecosystem Assess-
ment (MEA, 2005) and the TEEB report (TEEB, 2010), for identifying and clas-
sifying the range of economic benefits derived from nature. In addition, the UN
Statistical Commission has introduced the System for Environmental-Economic
Accounting (SEEA-CF, 2012) as an international framework to provide guidance
on how to quantify natural capital value. Similarly, institutions such as TheWorld-
Bank (2001) and the UNEP&UNU-IHDP (2014) have presented some of the first
valuations of natural capital in multiple countries as part of their work to ac-
count for the wealth of nations. A number of national authorities worldwide have
also developed and implemented their own national natural capital accounting
systems. Prominent examples include the national governments of Norway (Alf-
sen and Greaker, 2006), the UK (ONS, 2012), Australia (BureauOfMethodology,
2013), Sweden (StatisticsSweden, 2015), and Canada (StatisticsCanada, 2016),
leading countries in the practical implementation of natural capital accounts. Con-
tributions from the private sector include the Natural Capital Coalition’s creation
of the Natural Capital Protocol (NCC, 2016), a set of natural capital accounting
principles specifically designed for private corporations and businesses. On the
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academic side, most of the research focused primarily on the study of two different
aspects of natural capital: the relationship between natural capital and sustain-
able development (e.g. Hamilton and Hartwick (2005), Arrow et al. (2012), Arrow
et al. (2013), Dasgupta (2010)), and the integration of natural capital accounts
into decision-making (e.g. Ruckelshaus et al. (2015), Oosterhuis and Ruijs (2015),
Greenhalgh (2015), Hedden-Dunkhorst et al. (2015), Schaefer et al. (2015), Galler
et al. (2016)).
Despite the significant progress achieved to date in the study of natural capital,
only scant research is dedicated to the specific study of the use of natural cap-
ital accounts to assess changes in the value of natural capital over time. A few
examples in the literature include Lange (2004), who measures natural capital
value changes in Botswana and Namibia; Ollivier and Giraud (2011), who evalu-
ate natural capital trajectories in Mozambique; and Dasgupta (2014), who assesses
changes in natural capital value in India. Yet, to the best of our knowledge, no
work in the literature has previously addressed this challenge for the specific case
of the UK. In addition, the Natural Capital Committee (NCC, 2014a) also recog-
nises that very little research has been carried out to investigate the performance
of natural capital investments and on how to develop new approaches for natu-
ral capital financing. Investments in natural capital continue to be regarded as
alternative investments of secondary importance for private investors when com-
pared to traditional asset classes (i.e., equities, bond instrument or real estate);
and this is likely due to the lack of consensus on their financial benefits (see e.g.,
Olsson (2007), Eichholtz et al. (2012), Chan and Walter (2014), Silva and Cortez
(2016)). Moreover, approaches for natural capital investments are still limited in
number or do not yet present the most appropriate types of natural capital in
which to invest (CLA, 2016). By examining the financial performance of natural
capital investments and contrasting their outcomes with those of other financial
instruments, we will have demonstrated in the present thesis the attractiveness of
natural capital investments to private investors.
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1.2 Objectives and research questions
In view of the aforementioned considerations, the research conducted here investi-
gates the importance of natural capital accounting in the measurement of changes
of natural capital value over time, and in the use of financial mechanisms to invest
in natural capital. We examine three specific aspects of natural capital in detail
from both a financial and a macroeconomic perspective. First, we analyse the ma-
jor factors driving changes in the value of natural capital stock and its relationship
with other capital assets such as produced and human capital. Second, we study
the performance of investments in natural capital and discuss their implications
for private investors. And third, we examine the use of Sovereign Wealth Funds
(SWFs) as a unique financial instrument for investing in and preserving the value
of natural capital. In the present research we identify three specific objectives
• To evaluate changes in natural capital value within the framework of total
wealth by considering the UK case study.
• To study the performance of investments in natural asset forms and to com-
pare them with the performance of traditional asset classes (i.e., equities,
fixed income, and real estate instruments).
• To investigate the capability of SWFs to act as financial mechanisms for
preserving the value of natural capital by dedicating significant investments
in natural assets.
The first objective aims to provide an answer to the research questions: What are
the main drivers of changes in natural capital value? And how can this informa-
tion be used to improve natural capital management? Moreover, which natural
assets are more exposed to the risk of declining in value? And what are the major
factors impacting that risk? To answer these questions and in order to address
the first objective, the work presented in Chapter 4 focuses on the wealth com-
position of the UK and analyses the changes in the value of its natural capital.
A stochastic model for risk analysis is developed to estimate changes in the UK’s
1.2. Objectives and research questions 7
produced, human, and natural capital through the use of data reported by na-
tional authorities between 1999 and 2012. The model incorporates some of the
most relevant empirical relationships existing among capital assets and macroeco-
nomic variables of interest for which data was available. In addition, the model
estimates the risk of declining per capita values of natural capital and wealth and
identifies the major factors influencing those risks using sensitivity analysis in fu-
ture scenarios. Results from this part of the research suggest that the decline of
natural capital value in the UK, between 2003 and 2013, has mainly been driven
by a loss of non-renewable natural capital, together with variations in the value of
ecosystem services. However, as levels of non-renewable natural capital continue
to be depleted, attention is expected to be paid over the coming years to recover
renewable natural capital.
The second objective addresses the following questions. What are the main fi-
nancial benefits and challenges associated with natural capital investments? How
do these investments need to be attractive and convenient for private investors?
Moreover, how do investments in natural capital assets impact an investor’s port-
folio composed of traditional asset classes (i.e., equity, real estate, fixed income)
and other non-traditional assets (i.e., infrastructure)? To this end, we conduct an
analysis of price time series, extending from 2000 to 2016, for real and non-real
natural assets in Chapter 5. The financial evaluation focuses on estimating the
average return, volatility, downside risk, diversification potential, inflation protec-
tion, and liquidity risk exhibited by the assets. Optimal portfolios are constructed
using Markowitz optimisation models that are periodically updated employing
out-of-sample simulation techniques. Our findings reveal, importantly, that invest-
ments in real natural assets outperform investments in traditional asset classes.
Moreover, it is demonstrated that investments in real natural assets provide higher
expected returns, lower volatility, protection against unexpected inflation, reduced
downside risk, and lower exposure to liquidity shocks in financial markets com-
pared to traditional portfolios. Thus, real natural assets may be regarded as very
attractive for investors. However, the same level of benefits does not hold true for
non-real natural asset investments.
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Finally, our third objective answers the questions: Can specific financial mecha-
nisms such as SWFs actually support the preservation of natural capital value?
Can this emerging type of fund benefit from increased investments of their re-
source rent in renewable forms of natural capital? As a case study in Chapter 6,
we model the investment portfolio of an oil-funded SWF using Norway’s Pension
Fund Global (the world’s largest SWF by 2017). We evaluate the performance of
the fund, when including allocations in natural capital, over a nine-year period
extending from March 2007 to March 2016. We employ Gintschel and Scherer
(2008)’s optimisation method to estimate global efficient portfolios for asset allo-
cation while also considering the relationship between investments and commodity
price fluctuations. Results in this case demonstrate that the inclusion of real nat-
ural asset investments in the portfolio of an oil-based SWF has a positive effect on
the performance of the portfolio. The benefits manifest as higher expected returns,
lower volatility, greater savings, and hedging against oil price risk. In fact, results
suggest that SWF investors can reconsider their traditional allocation levels in
natural assets (2-5%) by raising them significantly (15-20%) and still benefiting
from these investments. And in doing so, SWFs would also support other major
investments dedicated to the recovery of natural capital value.
1.3 Thesis contribution
The main contributions of this thesis are, accordingly, oriented towards increasing
the understanding of (i) the major factors driving changes in natural capital value
for the specific case of the UK, (ii) the types of natural capital investments that
are more attractive to private investors, and (iii) how specific financial mechanisms
such as SWFs can be implemented to support significant investments in natural
capital.
In this regard, results derived from the work on natural capital and wealth ac-
counting contribute to building a picture of the current condition of the UK’s
natural capital. Natural capital in the UK represents by far the lowest fraction
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of wealth in this country when compared to the values of human and produced
capital. The majority of the UK’s natural capital value is found in the measure-
ment of ecosystem services rather than in non-renewable or renewable natural
capital. Additionally, unlike human or produced capital, natural capital values
are less associated with variations in the economic performance of the country as
reflected in GDP changes. And yet, the value of all forms of natural capital in
the UK has been decreasing in the last 10 years, with the rate of decline being
particularly fast for non-renewable natural capital. A significant contribution of
the present work is the finding that the loss of natural capital value has not been
mainly driven by variations in GDP, but rather by the progressive depletion and
deterioration of natural capital reserves. This particular contribution confirms
the findings reported by the ‘Nature and Wellbeing Act’ Green paper published
by Benwell et al. (2014) on UK’s nature condition. Another contribution is that
we have identified that future trajectories of aggregate natural capital may be re-
versed from declining trends, under optimistic scenarios, if the value of ecosystem
services is increased. Nevertheless, an apparent overall increase of natural capital
due to higher valuation of ecosystem services may mask falls in the value of other
natural capital forms. Finally, we also find that as non-renewable natural capital
reaches depletion, factors from renewable natural capital such as the output of
the agriculture and water industries will overtake in importance those of fossil fuel
production for impacting the risk of declining per capita levels of natural capital.
With regard to the second point, it is noteworthy that the thesis findings on natural
capital investments contribute by identifying some of the benefits for institutional
investors who dedicate major investments in real natural capital assets. Supported
by results, in this part of the work, we argue that investments in real natural cap-
ital assets will be regarded as an investment option with the same relevance as
traditional asset classes, and not as a mere alternative. The present thesis shows
that investments in real natural assets can out perform certain assets such as eq-
uities, bonds, real estate, and even infrastructure. Moreover, when adding real
natural assets into a portfolio composed of traditional assets, financial benefits are
observed as higher expected returns, lower volatility, and increased diversification
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potential. The results obtained in this thesis also contribute to confirming that
investments in real natural assets provide hedging against inflation, and in partic-
ular against unexpected inflation. Nevertheless, we also emphasise that in order
to access the benefits of real natural capital investments, investors should ideally
possess long investment horizons and large amounts of capital under management.
These two factors still represent the greatest barriers against increasing allocations
in real natural assets.
Lastly, the present research on SWFs contributes insights via our demonstration of
how these funds can be successfully implemented as natural capital funds to main-
tain the value of natural capital. SWFs are able to manage the revenues received
from non-renewable natural capital exploitation, convert them into a financial
wealth form, and reinvest them in renewable natural capital. Thesis results also
show that SWF portfolios can significantly increase their allocations in natural
capital from current standard levels (3-5%) to a much higher level (15-20%) and
still benefit from these investments. By including natural assets as a large frac-
tion of the investment portfolio, an SWF can increase its level of returns, reduce
volatility, and hedge inflation against commodity risk. Moreover, we find that
these benefits are higher during periods of financial hardship and in circumstances
where natural asset investments are carried in replacement of equity investments.
Thus, if SWFs push their allocations in natural capital assets to higher levels, these
funds are likely not only to improve their performance but also to be reconfigured
as a new investment approach for natural capital.
1.4 Thesis structure
The structure of the thesis is illustrated in Figure 1.2, and the content of the next
chapters is organised as shown below.
In Chapter 2, we provide an overview of the concept of natural capital within the
framework of the capital approach to sustainability. The chapter also discusses the
importance of natural capital accounting to support decision making and presents
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Figure 1.2: Schematic representation of the thesis structure
the latest progress in this subject achieved worldwide and in the UK. In addition,
we discuss some of the major challenges faced in natural capital accounting, which
is one of the motivations for the present research.
In Chapter 3, we introduce the theoretical foundation for this research. This
chapter describes the relevant theoretical concepts, methods, and fundamental
definitions underlying the methodologies implemented in the chapters to follow.
A description of some of the stochastic processes most commonly used to model
commodity prices in natural capital valuation is presented, in addition to an in-
troduction to global sensitivity analysis which we use to estimate the sensitivity
of the natural capital model developed in this work. Here, we discuss some of the
most relevant relationships in macroeconomic theory and which are also relevant
to natural capital value changes. Lastly, we provide a description of the portfolio
optimisation techniques for asset allocations.
Chapter 4 presents the analysis of the UK’s natural capital accounting and asset
valuation. This chapter includes a literature review on wealth accounting and its
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applications, a description of the methodology followed by a stochastic model for
UK wealth, and a discussion of the relationships established among capital assets.
The simulation results on assessing the trajectories of natural capital changes are
also provided.
Chapter 5 introduces the study on the performance of investments in natural as-
sets. This chapter presents a comparison of the investment performance between
non-real and real natural capital assets, focusing in particular on the risk-return
characteristic, downside risk, correlation with traditional asset classes, diversifi-
cation potential, their ability to hedge inflation, and their exposure to shocks in
stock market liquidity.
Chapter 6 sets out the analysis of SWFs as instruments for the preservation of
natural capital. This chapter introduces a model of an SWF portfolio based on
the portfolio of Norway’s Government Pension Fund Global and assesses its per-
formance when investing in real natural assets. The capacity of these funds to
manage and invest in natural capital is evaluated, and the results describing the
significant benefits from these investments are discussed.
Finally, in Chapter 7, we provide a summary of the main conclusions and findings
derived from this work. This last chapter discusses the main contributions of the
thesis to the literature, introduces the limitations of the work conducted here, and
provides suggestions for further research.
2
An overview of Natural Capital
2.1 Definition
Natural capital refers to the stock of natural assets and ecosystem services that
provide value, directly or indirectly, to people and the economy (NCC, 2014c). The
concept of natural capital was first introduced at the end of the 1980’s as a result
of a more ecologically aware thinking in economics (Akerman, 2003). As explained
by Akerman (2003), Pearce (1988) was the first economist to use the expression
‘natural capital’ to refer to the set of natural resources and services provided by na-
ture. During the 1990’s, the emergence of environmental and ecological economics
broadly adopted the concept in order to incorporate environmental constraints
into economic analysis (Costanza, 1991). And later, in the 2000’s, the Millennium
Ecosystem Assessment (MEA, 2005) work on assessing the benefits derived from
nature, agreed on natural capital as the sum of exhaustible or non-renewable nat-
ural resources, renewable natural resources, and ecosystem services. The current
application of the term ‘ecosystem services’ encompasses the different stream of
benefits derived from nature that are essential for supporting human wellbeing and
economic development. MEA (2005) bundles ecosystem services into four main
categories: (i) provisioning services (e.g., food provision, freshwater provision,
wood and fiber, fuel, energy, etc.); (ii) regulating services (e.g., climate regula-
tion, food regulation, disease regulation, water purification, etc.); (iii) supporting
services (e.g., nutrient cycling, soil formation, primary production, etc); and (iv)
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cultural services (e.g. aesthetic, recreational, spiritual, educational, etc). Figure
2.1 sets out a schematic representation of the different forms of natural capital.
Figure 2.1: Natural capital categories
Source: Eden Tree.
Human wellbeing is fully dependent on the services and products provided by nat-
ural capital. Nature provides essential life supporting elements including the air
we breath, the water we drink, the food we eat, the climate in which we live, and
the places and other species that define our environment. Figure 2.2 illustrates the
linkages between categories of ecosystem services and several components of human
wellbeing. Provisioning services are the products people obtain from ecosystems,
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such as food, fuel, fibre, wood, fresh water, and genetic resources. Regulating
services are the benefits people gain from the regulation of ecosystem processes,
including air quality regulation, climate regulation, erosion control, human dis-
eases prevention, and water purification. Cultural services are the non-material
benefits people obtain from ecosystems through spiritual fulfilment, cognitive de-
velopment, reflection, and recreation. And supporting services are those necessary
for maintaining all other services, such as primary production, oxygen generation,
and soil formation. Changes in these services affect human wellbeing in many
ways through impacts on security, the basic material for good life, health, and
social and cultural relations. These constituents of wellbeing, ultimately, have
an influence on the freedoms and choices available to people. Security may be
affected by changes in provisioning and regulating services, which impact supply
of food, water and other goods, the likelihood of conflict over declining resources,
or the frequency and severity of natural hazards. For example, food shortage has
been a serious concern among some Sub-Saharan African nations over the last
decade (FAO, 2017), and mangrove forests are a essential to protect coastal resi-
dents from storms in Vietnam (Kousky, 2010). The ability to access resources for
a good life is related to provisioning services such as food and fibre production
and regulating services including water purification. People’s health is strongly as-
sociated to both provisioning services, including food production, and regulating
services such as those influencing the spread of transmitting diseases. Degradation
of fishery resources, for example, may derive in a declined protein consumption
for local coastal communities (Tidwell and Allan, 2001), and degradation of water
and forest resources may increase the burden attributable to malaria in tropical
countries (Pruss-Ustun and Corvalan, 2006). Human spiritual values and social
relationships are influenced and shaped by changes to cultural services, which im-
pact the degree of human experience. For instance, Osuri et al. (2014) describe
how local villages in India preserve sacred groves of forest for spiritual reasons, and
Mexia et al. (2018) show how urban parks provide important recreational and so-
cial hubs in cities around the world. The capability of people to access to freedoms
and make choices is subjected to the degree of existence of all these components
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of wellbeing. Therefore, maintaining minimum levels of natural capital stock and
services is necessary to ensure and enhance multiple factors of human’s life.
Figure 2.2: The role of ecosystem services for human wellbeing
Source: MEA (2005).
In addition to human wellbeing components, countries economic growth and de-
velopment is also dependent upon the flow of natural capital services. Traditional
natural resource-based industries such as agriculture, forestry, mining, energy, fish-
ery or tourism are vital for many countries, particularly for developing economies
(Jovic et al., 2016). Moreover, macroeconomic factors such as income and employ-
ment, relevant indicators of an economy’s health, are also influenced by the con-
dition of natural resources in both developed and developing countries. Changes
in natural capital services may also impact the economic performance of nations
and their capability to develop urban and industrial centres. Increased produc-
tion of crops, fishery, forest, and mining products, as well as, ecotourism services
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have been associated with significant growth in local and national economies, in-
creased employment, and improved labour productivity (Onate-Calvin et al., 2018;
Cuellar, 2017; Horsley et al., 2015). Similarly, in regions where productivity has
declined due to land degradation, overharvesting, or resource depletion the im-
pacts on local economies and employment can be devastating to those who rely on
those services for income. As an example, BSF (2018) describes how the collapse
of the Newfound-land cod fishery due to overfishing in the early 90’s resulted in
the loss of thousands of jobs with an estimated cost of at least $2 billion in income
support. Changes in ecosystems may also contribute to increased green-house gas
(GHG) emissions which has a significant economic impact, particularly in devel-
oped economies (Hamilton, 2017). Furthermore, the ability of developing urban
areas may also be compromised due to changes in ecosystem services. Urban de-
velopment is often threatened by the inability of securing water and air quality
provision. Recent examples of this have been witnessed in Cape Town (South
Africa), Sao Paulo (Brasil), Mexico City (Mexico), Bangalor (India) or Beijin
(China), which are facing the risk of water shortages (BBC, 2018).
The current issue with natural capital is that, unlike other capital forms such as
human or produced capital, its value has been steadily decreasing over the years
and the stream of services derived from nature are degrading (refer to Section 1.1).
The degradation of natural capital value have been primarily driven by an exces-
sive demand for ecosystem services stemming from economic growth, demographic
changes, and individual choices. However, this degradation has also been exacer-
bated by a lack of sufficient knowledge and understanding of the current condition
of natural assets and the factors driving changes on natural capital value. De-
cision makers in the public and private sector often must balance their choices
between economic growth and social development with the need of environmental
conservation. Nevertheless, current decision-making processes normally exclude
or underestimate the value of ecosystem services, leading to a mismanagement
of natural assets. Poorly managed natural capital not only results in ecological
detriment but also generates social and economic liabilities. At present, the over-
exploitation of natural capital is reducing the flow of benefits derived from nature,
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and therefore, severely impacting economies and jeopardising the ability to deliver
sustainable development. For instance, the Truscost-TEEB (2013) report esti-
mates that the global top 10 environmental externalities, including gas emissions,
water use, land use, air pollution, land and water pollution, and waste, are costing
the global economy nearly US$ 4.7 trillion a year in term of degradation of natural
capital. The same source estimates that, in Europe alone, the economic cost of
natural capital depletion due to GHG emissions, land use degradation, and water
supply scarcity, has been on the order of approximately US$ 337 billion per year.
As discussed by Helm (2015), in order to reverse the declining trends of natural
capital and save the associated costs, the situation requires the development and
implementation of accounting mechanisms and financial approaches dedicated to
natural capital. Natural capital accounts are not only essential for capturing the
value of natural capital in financial terms, but they are also crucial for tracking
changes in the value of natural capital assets over time, and identifying the ma-
jor factors driving the changes (Barbier, 2014b,a). Likewise, financial approaches
aiming to allocate significant investments in natural capital, are fundamental to
the recovery of downward-moving values of natural assets (Rands et al., 2010).
2.2 Natural Capital and the Capital Approach
The concepts of natural capital and sustainable development are closely related
due to the importance of natural resources in delivering development over the long
run (Atkinson et al., 1997). When trying to define sustainable development within
natural capital economics, two major paradigms emerge: weak sustainability and
strong sustainability (Dietz and Neumayer, 2007). The key difference between
these paradigms lies in whether natural capital can be regarded as substitutable
by other capital forms, especially produced capital. Weak sustainability provides
a view in which some environmental assets can be substituted by man-made and
human capital. Proponents of this pragmatic paradigm argue that although the
three type of capital (produced, human, and natural) are not perfect substitutes,
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the degree of substitution is not zero. Possible substitutions can be found for nat-
ural capital products such as raw materials used for production and consumption
(Neumayer, 2000). Weak sustainability stablishes that when non-renewable natu-
ral capital is consumed, other assets need to set aside to compensate for what has
been used. This may be achieved, for instance, by setting a specific fund for saving
purpose or by reinvesting the utility obtained from non-renewables in improving
produced and/or human capital instead. However, as discussed by Barbier et al.
(1995), the major problem faced by this paradigm is that many life supporting
natural assets are impossible to substitute. Moreover, for those that is possi-
ble, substitution may become more difficult as resource efficiency becomes higher.
Based on this argument, the strong sustainability paradigm, on the other hand,
establishes that substitution is not permissible for any form of natural capital,
and all natural assets must be preserved. This paradigm places nature as the
primary factor of production, and labour and fix capital are secondary, derived
from and dependent on nature. According to Helm (2015), the principal problem
with the strong sustainability paradigm is that it is extremely rigid as it rules
out substitution between natural capital and other factors of production. There-
fore, this paradigm goes against any economic development initiative. Given the
extreme perspective provided by both approaches, a number of rules have been
suggested by economists in order to find a middle ground between these conflicting
paradigms and operationalise sustainability. Neumayer (2000) identifies two main
schools of thought. One requires that non-renewable resource extraction should
be compensated by an investment in renewable resources (e.g. green technologies,
timberland, or agriculture). The second requires that a subset of so called ‘crit-
ical assets’ (those strictly non-substitutable) remains intact in physical terms for
future generations. Regardless their differences, both schools of thought are asset
based which have led economists to formulate the ‘capital approach’ in order to
adhere natural capital into sustainably measurements.
The concept of natural capital has been endorsed by the ‘capital approach’ for
assessing sustainability in development (UN, 2008; Dasgupta, 2009). The capital
approach emerged during the search for robust ways of assessing sustainability,
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and at a time when traditional indicators such as GDP could not provide useful
information on sustainable asset management (Costanza et al., 2009, 2014). This
approach focuses on measuring the condition of the capital assets that compose
the wealth of a region, including human, produced, and natural capital, and that
are used as an input factor for production. Figure 2.3 illustrates the focus of
the capital approach and compares it with the focus provided by GDP. GDP
specifically measures current economic activity in the form of input and out flows,
but does not address the condition of the capital stock necessary to maintain
levels of production and consumption. On the contrary, the capital approach
explicitly measures the condition of capital assets by estimating the monetary
value of each capital component. The criteria for sustainability set by the capital
approach establishes that sustainable development is a development that ensures
non-declining per capita wealth over time (see Polasky et al. (2015); Heal and
Kristrom (2005); Dasgupta and Maler (2001); Arrow et al. (2012, 2013)) where
wealth is defined as the aggregate value of the stock of human, produced, and
natural capital. Thus, the capital approach for sustainability analysis highlights
two types of activity in relation to capital assets: (i) estimating the monetary
value of the available capital stock, and (ii) tracking changes of the per capita
value of capital assets in time.
The major strengths of the capital approach, different from GDP, are that it
provides quantifiable criteria for sustainability and also incorporates the value of
natural resources, aspects commonly neglected by the GDP approach. But de-
spite the strengths offered by the capital approach, this approach also encounters
several limitations in terms of valuation (i.e. practical issues found when valuing
the capital stock) and critical capital appraisal (i.e. the degree of substitutabil-
ity among capital assets) (UN, 2008). Capital accounting requires us to measure
shadow prices, and the capital approach assumes that shadow prices can always be
measured. However, McFadden (1996) argues that this assumption is not realis-
tic, given that the valuation of all capital assets is not always feasible. McFadden
(1996)’s opinion is also supported by Cairns (2013) and Smulders (2012), who
point out that the capital approach assumption on shadow prices does not hold
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Figure 2.3: The three capital model of wealth creation
Source: The Inclusive Wealth Report (UNEP&UNU-IHDP, 2014).
true in many cases. Moreover, the measure of sustainable development provided
by the capital approach works under the condition of a high degree of substi-
tutability among capital assets, in line with the weak sustainability paradigm.
Stern (1997), nevertheless, argues that in reality, the degree to which various cap-
ital stocks, and in particular the stock of natural capital, can be substituted, is
limited in accordance with the strong sustainability paradigm. Thus, it would be
inadequate to aggregate values of non-critical capital with those of critical capital
because information for sustainable development would be lost. Roman and Thiry
(2016) also present a critical appraisal of the capital approach in their discussion of
the major limitations found in its unrealistic assumptions. Despite the aforemen-
tioned criticism and limitations, the capital approach to sustainability continues
to be the most viable mean of addressing sustainability issues in development.
This approach has been broadly adopted by many international organisations and
national authorities around the world for measuring wealth. Therefore, we can
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assert that the capital approach has motivated the development of natural capi-
tal accounting systems for incorporating the value of nature into national wealth
accounts and therefore also tracking variations in the condition of natural capital
over time. Furthermore, the capital approach prompts the necessity for investment
mechanisms capable of maintaining per capita levels of natural capital in order to
achieve sustainability.
2.3 Natural Capital Accounting
Natural capital accounts are mechanisms able to register the monetary value of
natural capital stock and flows, as well as, monitor changes in the value of these
assets over time (TheWorldBank, 2016). Accounting can be used to assess the total
contribution of ecosystem products and services to human wellbeing, to increase
the understanding of the incentives faced by decision-makers, and to evaluate
the consequences of actions taken in favour or against the environment (MEA,
2005). Accounting system for natural capital is becoming an increasingly relevant
component of the national accounts of a country. The system of national accounts
(SNA), developed by the UN Statistical Commission (UNSC), is the international
statistical standard for compiling measures of economic activity of nations based
on common accounting conventions (SNA, 2009). SNA is used to derive some
of the most important statistics for a country, including GDP, household saving
ratio, public debt, and consumption. Nevertheless, as suggested by Ochuodho and
Alavalapati (2016), there is an increasing recognition that SNA shall also provide
an indication of the impact of economic activity on the environment and the
services derived from nature. In response to this need, the UN created the UN’s
System of Environmental-Economics Accounting Central Framework (SEEA-CF,
2012) as a comprehensive accounting framework specifically designed for natural
capital.
The development of the SEEA framework marks a significant contribution to-
wards the implementation of natural capital accounting. The framework allows
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for the full integration of natural capital into traditional SNA, thereby establish-
ing a link between the environment and all sectors of the economy that can be
used for policy analysis (Bartelmus, 2014). As Ochuodho and Alavalapati (2016)
show, however, few countries have implemented or are currently in the process of
implementing natural capital accounting into their national accounts. Prominent
examples include Norway (Alfsen and Greaker, 2006), Canada (StatisticsCanada,
2016), Sweden (StatisticsSweden, 2015), Australia (BureauOfMethodology, 2013),
and the UK (ONS, 2012). Initiatives for natural capital accounting have also
emerged in the private sector with the creation of the Natural Capital Protocol by
the Natural Capital Coalition (NCC, 2016). The natural capital protocol provides
a methodology for natural capital accounting specifically designed for corporations
and businesses. The importance of natural capital accounting is that it contributes
to increasing the understanding of the relationship between economic or business
activities and the services derived from the environment. Moreover, they help to
support better-informed decision making. Public policy makers and private cor-
porations may recognise the role of natural capital if they are able to see the direct
impact of the economy or business on nature in real world scenarios.
Although progress has been made in developing and implementing natural capital
accounting systems, there are still challenges to be overcome in ensuring natural
capital is fully integrated into the economy. Many countries still lack the capacity
to implement the SEEA framework (Ochuodho and Alavalapati, 2016). Moreover,
in those countries where SEEA has been implemented, natural capital accounts
only capture partial estimations of natural assets (e.g. Khan et al. (2014)). Valuing
natural capital for accounting purposes is complex (in some cases even impossi-
ble), as benefits from nature are in many cases indirect or intangible (Craig and
DePratto, 2014). A large amount of data regarding the characteristics and services
of nature in a given area is required, and in most cases, data is non-existent or it
has only recently started to be collected (Spurgeon, 2014). Most existing valuation
methodologies are based on a large number of assumptions that may be consid-
ered unrealistic. Added to these challenges, Ochuodho and Alavalapati (2016) also
point out that research on the implementation of natural capital accounts is scarce
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in the literature. Hence, there is still a minimal understanding of how natural cap-
ital accounting can be used to link policy making and economic activity with the
impact on natural resources. To target this research gap, in Chapter 4 we provide
an analysis of the use of natural capital accounting to quantify changes in natural
capital value using the case study of the UK. In this analysis, a model for natural
capital accounts is used to investigate the drivers of past and future trajectories
of natural capital value while assessing the risk of its decline.
2.4 Natural Capital and Commodity Prices
A wide range of methodologies have been developed to attempt to quantify the
benefits of natural capital and ecosystem services as part of the green accounting
approach (SEEA-CF, 2012; Khan et al., 2014). The methodologies are particu-
larly well developed for provisioning services and natural assets for which markets
exist, although progress has also been made in improving the ability to value reg-
ulating, and other services (Dietz and Neumayer, 2007). As will be discussed later
in Chapter 4, the choice of valuation technique for any particular natural asset
depends on the characteristics of the assets and the data available. Most of the
methodologies used in estimating the change in value of the flow of benefits pro-
vided by non-renewable natural capital involve estimating change in the physical
quantity of the assets and their market price. A common problem in valuation with
market price based methods is that prices in many cases are affected by factors
not necessarily related to the natural capital condition. This is particularly the
case for natural capital products such as oil, gas, minerals, agricultural and timber
products, which valuation depends on commodity prices. Commodity price be-
haviour can be complex as prices are commonly influenced by several factors that
can induce instant changes in their path (Hansen and Gross, 2018). Some of the
most important factors that can cause changes in commodity prices in the short
term, include supply and demand dynamics, political and social shocks, weather
conditions, international trade, and transport costs. Also, in the long-run com-
modity prices can be affected by interest rates, inflation, exchange rates, energy
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consumption, and technological developments that impact productivity. More-
over, commodities are often subjected to market speculation, which is in some
cases an additional factor of price change (Robles et al., 2009). Economists and
researchers have always been interested in analysing and forecasting commodity
prices for modelling purposes. Representing future price movements are impor-
tant for developing econometric models, including those used in natural capital
valuation. Commodity prices are characterized by some distinct features includ-
ing mean reversion process, stochastic volatility, and non-normal residuals. These
features enable the elaboration of mathematical models that approximate the be-
haviour of commodity prices. Some of the most distinctive models, discussed in
more detail in Section 3.1, are: The Geometric Brownian Motion (GBM) and
Mean-Reversion (MR) stochastic processes. These two models are commonly used
in the methodologies implemented for natural capital valuation that are commod-
ity price-based (UNEP&UNU-IHDP, 2014). Below, we provide a general overview
of some relevant commodity prices of interest for the work develop in the coming
chapters.
Oil & Gas
Figure 2.4 below shows the historical prices registered for the West Texas Inter-
mediate (WTI) and Brent, two of the main crude oil price indicators. Oil prices
rapidly rose from $20’s per barrel in the early 90’s to over $130/bbl in late 2008
after which prices suddenly collapsed to the rage of $40-45/bbl during 2009. From
late 2009, prices recovered to fluctuate around a $100/bbl during 2011-2013 and
collapsed again at the beginning of 2014. As the market has continued to rebalance
in recent years, oil prices has started to rise slowly once more. Crude oil prices
are in general very volatile, subjected to variation in the global demand (primarily
from non-OPEC countries and China) and the production with the compliance by
the Organization of the Petroleum Exporting Countries (OPEC) and non-OPEC
producers. The price of crude oil has been also influenced over the years by levels
of inventory and supply surpluses, political events, and regional conflicts. In recent
years, the disruption of the markets caused by the introduction of new fracking
technology also drove prices down for a period of time. Furthermore, during the
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second half of 2017, prices for the US WTI did not rise in tandem with Brent be-
cause of Hurricane Harvey, a natural disaster that impacted up to one-quarter of
US refinery capacity and reduced refinery crude demand. Geopolitical risk is also
a factor often impacting prices as it has been recently witnessed with threatened
exports from several producing counties (e.g., Libya, Nigeria, and Venezuela), and
from transit country disputes (e.g., pipeline exports from Kurdish region in north-
ern Iraq). On the political arena, cuts in production promoted by OPEC and
non-OPEC countries confronting increased production (notably in the US shale)
has also shaped the price path of this commodity in recent years.
Figure 2.4: Historical prices of crude oil (in US$/barrel)
Source: US Energy Information Administration (EIA).
Natural gas prices have also been characterized by a high volatility over the past
15 years, as shown in Figure 2.5. Major peaks around $10/thousand cubic feet in
the price of US gas were registered in early 2001 and 2003, mid 2005 and 2008,
and at the beginning of 2014. After 2014, the price seemed to stabilise in the
range of $3.4 per thousand cubic feet. Perhaps to a lesser degree but still similar
to the case of crude oil, gas prices are also greatly subjected to variation in the
domestic and global demand, rising or declining exports from producer countries,
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as well as, to the conditions of the geopolitical context at some point. In the gas
market, weather plays a key role is shaping prices defining variations according to
seasonal conditions (e.g., mild or severe winter) and the capacity of countries to
restock and deliver supply on time.
Figure 2.5: Historical prices for Natural Gas in the US market (in
US$/thousand cubic feet)
Source: US Energy Information Administration (EIA).
Agriculture
Agriculture commodities comprise grains (e.g., corn, wheat, soybeans, rice, coffee),
food and fibre, and livestock meat. Figures 2.6 and 2.7 show the trend followed
by the price of some of the main cereals and live meat products over the last
decade, respectively. In the case of grains, prices experienced a relatively high
level during the period 2011-2013. From early 2014, prices of these commodities
started to decline. Live meat products, including cattle, chicken, and pig, have
followed a similar tendency to that showed by grains, with dropping prices after
2014. The price of agricultural commodities is generally driven by levels of produc-
tion, market supply, and consumption in the form of food or biofuel. The decline
observed for agricultural commodities in recent years, for example, have been at-
tributed to the well supplied condition of most food markets around the world
2.4. Natural Capital and Commodity Prices 28
and a lower impact of biofuels, which had helped to booming prices of grain in
the past. In addition, this particular type of commodities is also subjected to dis-
ruptive weather conditions and the materialization of El Nino y La Nina weather
cycles. For instance, UNECE-FAO (2017) reports that the global production of
wheat in 2017 experienced an upward trend to reach 751 million metric tons, given
the favourable weather conditions experienced in wheat producer countries (e.g.,
Kazakhstan, Russia, and Ukraine) on that year. On the contrary, global rice pro-
duction in the same year receded compared to wheat due to more adverse weather
conditions registered in some Asian producer countries (e.g., China, Vietnam, and
Thailand). Another significant factor affecting agricultural commodity prices is
the influx of speculative investments. As discussed by Robles et al. (2009), sharp
increases of agricultural commodity prices cannot be explained only by supply
and demand fundamentals. The authors claim that speculation, expectations and
hysteria drove up prices and increased volatility on commodity markets during the
2000’s.
Figure 2.6: Historical prices for cereal products in the US market (in
US$/tonne)
Source: Food and Agriculture Organization of the UN (FAO).
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Figure 2.7: Historical prices for live meat in the US market (in US$/tonne)
Source: Food and Agriculture Organization of the UN (FAO).
Timber
Timberland commodity is an important component of many global economies.
The quality of life in both developed and developing countries is dependent upon
the use of products derived from timber. As global population increases, the con-
sumption of timber related products also increases due to its use in construction,
fencing, packing, furniture, paper and magazines. The level of demand for forest
products in combination with the global supply of timber has significantly shaped
the prices of this commodity over the past 20 years. Factors that can shift the
demand of forest products vary widely and include trends in housing markets,
levels of investment in construction and real estate developments, consumption of
wood-based panels, paper products, wood energy materials, and the availability of
substituent. As an example, the expansion of the US house market in 2016-2017
contributed to increase the demand of sawn softwood, which rose prices in turn
(UNECE-FAO, 2017). The supply side is similarly affected by factors such as the
availability of harvested timber, trees’ growth rate, the degree of land use changes,
and the rate of forest loss. Production is greatly associated to coniferous forest
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(softwood) in North America (US and Canada), northern Europe (Russia, Ger-
many, Finland, Sweden, and Baltic States) and to tropical hardwoods in Brazil
and Indonesia. In addition to demand and supply factors, the price of timber is
also often affected by public policies, governmental actions, and trade agreements.
For instance, in April 2017, the US government announced tariffs of 3-24% on
imported lumber from Canada, which resulted in an 6.4% price increase in timber
products traded in the US market (Emrath, 2017). In Europe, the results from the
Brexit referendum in June 2016, had implications on the price of forest products
traded in the European market and in other regions. Moreover, the Comprehen-
sive Economic and Trade Agreement (CETA) signed between Canada and EU in
September 2014 contributed to reduce the price of several forest products that
were subjected to tax and other barriers to market access (GAC, 2018). Unlike
other commodities, the price of timber in global markets has exhibited a predom-
inant upraise trend during the last 16 years even during periods of low economic
growth. Figure 2.8 illustrates, as an example, the price of coniferous standing
wood as commercialized in the UK market. Construction output in the UK has
been growing swiftly in the last five years (FIM, 2015). Output in 2014 increased
by 7.4% compared to 2013, and it is expected to growth in the next years too. An
increased UK demand for timber in combination with higher levels of construction
investments around the Eurozone after 2015 has contributed to the rise of timber
prices in this particular market.
2.5 Natural Capital and Macroeconomic
The value of natural capital is affected not just by fluctuations in commodity prices
but also by variations in the value of other capital forms, such as human and pro-
duced capital. The condition of all capital assets found in a particular region are
normally shaped by macroeconomic factors that define the economy of the region.
For instance, the value of human capital is subjected to economic indicators such
as employment and unemployment rates, wages, levels of education in the pop-
ulation, life expectancy, inflation, GDP growth, among many others. Similarly,
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Figure 2.8: Historical prices of conifer wood for the GB market (in 2016 £/m3)
Source: Food and Agriculture Organization of the UN (FAO).
the value of produced capital is influenced by levels of investment in infrastruc-
ture assets, real estate development plans, ICT equipment installation, machinery
acquisition, and the development of many other fix structures. Natural capital
valuation, therefore, must take into account the different relationships existing
between natural assets and major macroeconomic variables. Macroeconomic the-
ory studies and models the relationship between these variables and characterize
them in a way that can be incorporated into economic models (Blanchard, 2011).
Most of the relationships are based on the empirical observation of the specific
data associated with a given region during a certain period of time. This section
presents a review of some of the empirical relationships studied in macroeconomic
theory that are relevant for the analysis introduced in Chapter 4. The reviewed
relationships include that one between unemployment rate and GDP growth, also
known as Okun’s Law; the relationship between changes in employment rate and
GDP growth; and the relationship between unemployment rate and wages. The
application of these relationships extracted from macroeconomic theory in the re-
search work here conducted is described in Appendix C, where the data utilized
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to create them and the regression coefficient computed are also presented. Below,
a description of each of the relationships of interest is provided.
2.5.1 Changes in unemployment and output growth (Okun’s
Law)
Okun’s law defines the relationship between changes in unemployment rate and
the rate at which output (i.e. GDP) growths. This relationship is established
using the linear model
ut − ut−1 = −β(gt − g¯), (2.1)
where ut denotes the unemployment rate at time t, gt is the output growth (in
percentage) experienced at time t, g¯ is the normal growth rate of the economy, and
β is the rate at which growth in excess of normal growth translates into decreases
in unemployment. The normal growth rate refers to the rate of output growth
needed to maintain a constant unemployment rate. This is given by adding up the
employment growth rate and the labour productivity growth rate. Equation (2.1)
shows that an inverse linear relationship is set between changes in unemployment
rate and GDP growth. In practice, this relationship is commonly estimated using
linear regression models.
As an example, Figure 2.9 plots the quarter changes in unemployment rate vs.
output growth registered in the UK between June 1971 and March 2013. The figure
also includes the regression line that best fit the data points. The relationship
defined by the line, in this case, is given by
ut − ut−1 = −0.12(gt − 0.8%),
from this expression, we find that for the UK, the normal growth rate is 0.8%,
which means that the output growth has to be no less than 0.8% quarterly (i.e.
0.8%×4 = 3.2% p.a.) to prevent the unemployment rate from rising. In addition,
β equals 0.12, indicating that an output growth of 1% in excess of the normal
2.5. Natural Capital and Macroeconomic 33
-
6
-
5
.
5
-
5
-
4
.
5
-
4
-
3
.
5
-
3
-
2
.
5
-
2
-
1
.
5
-
1
-
0
.
5 0
0
.
5 1
1
.
5 2
2
.
5 3
3
.
5 4
4
.
5 5
5
.
5
-0. 8
-0. 6
-0. 4
-0. 2
0
0. 2
0. 4
0. 6
0. 8
1
a
n
g
e
s
n
e
u
n
e
m
p
o
y
m
e
n
r
a
e
C
h
a
n
g
e
s
i
n
t
h
e
u
n
e
m
p
l
o
y
m
e
n
t
r
a
t
e
(
%
)
0.
1.0
Output growth (%)
-
6
.
0
-
5
.
5
-
5
.
0
-
4
.
5
-
4
.
0
-
3
.
5
-
3
.
0
-
2
.
5
-
2
.
0
-
1
.
5
-
1
.
0
-
0
.
5
0
.
0
0
.
5
1
.
0
1
.
5
2
.
0
2
.
5
3
.
0
3
.
5
4
.
0
4
.
5
5
.
0
5
.
5
6
.
0
R^2=0.173
SE=0.246
Obs=168
Figure 2.9: Quarter changes in unemployment rate and GDP growth in the
UK, June 1971 - March 2013
growth rate leads to a 0.12% reduction in the unemployment rate. The regression
model registers an R-squared value of just 0.173 and a standard error of 0.246,
suggesting that only 17% of the variability of the unemployment rate is explained
by the linear model established with GDP changes. Yet, the regression coefficients
are statistically significant at 0.01%. Despite its name, the Okun’s Law is not a
law as conceived in physical science, but rather it is an approximation to repre-
sent the relationship between GDP growth and unemployment based on empirical
observations. Therefore, relatively low R-squared values are generally expected
(Ball et al., 2014).
2.5.2 Employment rate and economic growth
Another relationship of significant interest in macroeconomics is the one estab-
lished between movements in economic activity, represented by GDP growth, and
movements in the labour market represented by the employment growth. This rela-
tionship is important to understand to what extend economic growth can translate
into job growth. The employment rate is commonly considered a lag indicator of
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economic growth (Dumitrescu et al., 2009; Akkemik, 2007; AustralianBureauofS-
tatistics, 2006). The reason for this is that employment starts to react to economic
growth once growth has already been well established for several periods. Firms
normally remain hesitant to hire more workers until they are convinced that the
economic growth will be maintained. Based on this premise, Seyfried (2005) stud-
ies the relationship between employment and economic growth in detail, support-
ing the idea that employment lag behind GDP growth. The results from this work
indicate that economic growth does not only has an immediate effect on employ-
ment, but also some of the effects may be lagged for several periods of time before
they are felt. Therefore, the author proposed two models. The first one considers
the possibility of persistence in employment growth, which means that periods of
positive growth in employment are more likely to be followed by further increases
in employment and vice-versa. This is given by
et = β0 + β1et−1 + γ0gt + ε, (2.2)
where et is the employment rate at time t, gt is the growth in GDP and ε represents
the error term in the model.
The second model tries to capture in addition the time it takes for employment
to respond to economic growth, thus taking the form
et = β0 + β1et−1 + γ0gt + γ1gt−1 + γ2gt−2 + γ3gt−3 + ε. (2.3)
In practice, the specific lag structure of the model is very case dependent and it
must be adjusted in accordance to the particular empirical data studied, following
a criterion such as the Akaike Information Criterion (AIC). The AIC is a measure
of the quality of a statistical model for a given dataset and provides a mean
for model selection (Aho et al., 2014; Akaike, 1974). The criterion deals with the
trade-off between the goodness of fit of the model and the complexity of the model.
Given a set of candidate models for fitting the data, the preferred model is the
one with the minimum AIC value.
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2.5.3 Unemployment and real wages
Classical and modern economics recognise that levels of unemployment can restrict
wages. According to Gregg et al. (2014), there are at least three potential reasons
for that. First, when unemployment is high, workers tend to have a reduced margin
to claim higher wages because of scarce availability of better job offers from other
employers. Second, high unemployment also means that there are more people
to compete with to get a replacement job; therefore, in fear of losing their jobs,
workers may cede wages to secure job positions. And finally, higher unemployment
means that there are much more applicants per job opening, and firms have the
possibility to secure better qualified labour for lower wages.
One of the first relationships between unemployment and wages was established by
Phillips (1958) and Samuelson and Solow (1960) that became known as the Phillip
Curve. This relationship was established between unemployment and nominal (not
adjusted for inflation) wage changes under the premise that lower unemployment
leads to higher nominal wages. However, this relationship broke down in 1970 after
the recession experienced in the US that saw high unemployment coinciding with
high inflation (Blanchard, 2011). Newer theoretical and empirical evidence shifted
the focus to suggest that unemployment regulates the growth rate of real wages (i.e.
adjusted for inflation), instead of nominal wage changes. This new focus associate
low unemployment not only with higher wage growth, but with a mechanism
in which lower unemployment also leads to higher good and service prices, and
thus, higher inflation called the wage-price spiral. The literature recognizes this
approach as the current most common way to study the relationship between wages
and unemployment. Although, new evidence presented by Gali (2011) seems to
suggest that variations of the Phillips curve relationship are re-emerging with some
plausible theoretical underpinning.
Based on the aforementioned context, Gregg et al. (2014) introduces a model to
represent the relationship between unemployment and wages. The model relates
changes (in percentage) in unemployment and the log of real wages, where a one
period lagged unemployment term is included to reduce the potential for current
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economic conditions to be driving unemployment and wages movement simulta-
neously. Hence, the model takes the form
log(wt) = α0 + α1t+ β0 log(ut−1) + β1 log(ut) + εt, (2.4)
where wt is the real wage at time t, ut is the unemployment rate and ε is an error
term. The particular structure of this model allows to capture the short-run effect
that unemployment has over real wages through the parameter β1. In addition, a
lag effect on unemployment is also considered measured by the coefficient β0; and
a trend effect is added being controlled by the coefficient α1.
2.6 Natural Capital Investment Approaches
The diverse features of natural capital assets require the consideration of differ-
ent types of investment approaches in order to appropriately match the intrinsic
characteristics of natural assets (Helm, 2015). In this regard, the Asian Develop-
ment Bank (ADB, 2015) combines investment approaches in natural capital into
two broad categories. The first category refers to investments aiming to directly
protect and enhance renewable natural capital. The second category refers to in-
vestments for the improvement of resource-use efficiency in the case non-renewable
natural capital. Renewable natural capital requires direct investments to increase
its value in terms of quality and quantity. Whereas non-renewable natural capi-
tal cannot be increased, it can only be diminished as it is produced. Therefore,
investment approaches, in this case, should be designed to improve the efficiency
of the processes used to produce these resources. In the context of sustainabil-
ity, this is formulated in the Hartwick-Solow rule (Hartwick, 1977; Solow, 1974).
The rule establishes that the depletion of non-renewable natural resources shall be
compensated by reinvesting the rent obtained from depletion into another alter-
native capital form. For example, the rent from non-renewables can be invested
in education and health, to increase levels of human capital. Similarly, the rent
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can be invested in non-renewable natural capital to maintain aggregated levels of
natural capital.
Various investment approaches for natural capital have been implemented by au-
thorities in different countries to preserve the value of their natural assets. Promi-
nent examples include central government investments, the use of non-government
organisations (NGO’s), market-based mechanisms, fiscal instruments, and private
investments. Each of these mechanisms offers advantages and disadvantages.
Liu et al. (2008) describes the example of the Central Government approach im-
plemented in China. The author discusses how the central government approach
has provided significant results in terms of natural capital recovery. However, this
approach may also cause financial hardship in some local governments due to the
limited diversification of the source of funding. Nino-Murcia (2006) describes the
experience of using NGOs to fund natural capital projects in India. The study
shows that the NGO approach can be successfully implemented, but tends to have
a reduced impact which is limited to the local level rather than the national level.
Thus, this approach suffers from a severe scope limitation. Market-based mecha-
nisms also referred to as Payment for Ecosystem Services (PES), aims to design
services out of the ecosystems (i.e. water provisioning, farming, biodiversity con-
servation or carbon sequestration) that can be sold to companies and markets that
must meet environmental targets (Farley and Costanza, 2010). This approach has
been successfully implemented in China (Yin et al., 2014), Welsh (Wynne-Jones,
2013), Costa Rica (Rosendal and Schei, 2014) and Ecuador (Bremer et al., 2014).
Despite its international popularity, the approach can involve political ambigu-
ity and financial risk for local communities (VanHecken and Bastiaensen, 2010).
Fiscal instruments in the form of environmental taxes (ET) are relatively easy
to implement and have been fairly widely implemented in Europe (e.g., Ercolano
et al. (2014)) and South America (e.g., May et al. (2002)) to protect natural as-
sets. However, the implementation of environmental taxes is frequently limited by
problems of political and social acceptability (Dresner et al., 2006). Private invest-
ments, as described by Brand (2002) for the case of Australia, seek to construct
investment portfolios which include natural capital assets that may be financially
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attractive to private investors. Natural capital portfolios can be profitable and at-
tractive, but in order to be built, they also require the verification of the financial
performance of natural assets with the help of substantial information that is not
always available (Cremers, 2013).
A major limitation shared by all the aforementioned investment approaches is that
they mainly address investments in renewable natural capital, but do not consider
the contributions from the depletion of non-renewable natural resources. From
this perspective, these mechanisms are not fully in line with the Hartwick-Solow
rule. Therefore, further financial approaches able to provide compensation for the
depletion of non-renewable natural capital are still needed (NCC, 2014a). Such
mechanisms must be capable of dedicating all, or part of, the net receipts from non-
renewable liquidation to finance investments in renewable natural capital. Only in
this way, would these mechanisms be in accordance with the Hartwick-Solow rule.
Interestingly, with the recent and rapid emergence of Sovereign Wealth Funds
(SWF) as global investors, an opportunity is foreseen to use these funds as an
alternative approach to finance and manage natural capital (Helm, 2015). SWFs
are government owned investment vehicles that, in most cases, receive inflows from
nonrenewable natural capital rent (e.g., oil, gas, minerals) and invest in highly
diversified portfolios (IWG, 2008). These funds have the capability to convert
non-renewable natural capital into another form of a financial capital substitute
in order to preserve its wealth over time. A prime example of this approach is
Norway, which has been a leading country in incorporating its SWF to preserve
its natural capital value and contribute to developing its sustainable development
strategy of the country (MinistryOfFinance, 2008a). If renewable natural asset
investments are significantly incorporated into SWF investment portfolios, these
funds may be able to act as a natural capital financial mechanism that addresses
investments in renewable natural capital while considering the contribution of non-
renewable natural capital depletion. There is, however, still limited research on
the use of SWFs to invest in natural capital assets and on assessing the impacts
that these investments may have on their portfolio performance. With this lack
of research in mind, the work presented in Chapter 6 is dedicated to the study
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of the effects of natural capital investments on SWF portfolio performance. The
return and risk profile of the SWF is assessed under multiple investment portfolios,
thereby demonstrating that SWFs can indeed dedicate significant investments in
natural capital assets and benefit from these investments.
2.7 Natural Capital in the UK
The UK has positioned itself as a leading country in the discussion and implemen-
tation of natural capital accounting and financing mechanisms for sustainability
(ONS, 2015). The initial strategy for addressing the natural capital accounting
challenge in this country was set out in the UK Natural Capital Roadmap 2012
(ONS, 2012), and later extended in the 2015 Natural Capital Roadmap Review.
The UK roadmap defines the policies and actions to be taken, over the time span
2012-2020 in order to create and implement a natural capital accounting system
that can be fully integrated into the SNA of this country by 2020. To date, UK au-
thorities have produced the first estimates of natural capital value, first introduced
in 2012 and since then reported by the Office for National Statistics (ONS). The
UK national government also established in 2012 the Natural Capital Committee
(NCC) as an independent advisory body to government on the subject of natural
capital management (NCC, 2014c). In addition, the Department for Environment,
Food & Rural Affairs (DEFRA) has contributed to the development of the UK
National Ecosystem Assessment (UKNEA, 2014), the UK land cover and land use
accounts (Miles et al., 2014), and the UK carbon emission by land use category
(Buys et al., 2014) in order to support the work of accounting for natural capital
value.
The initial UK natural capital accounting system is in accordance with SEEA
framework and provides partial estimates of UK natural assets using methodolo-
gies still under revision (Khan et al., 2014). Natural assets currently accounted in
the UK system include: the non-renewable natural capital of fossil fuel reserves
(i.e. oil & gas), mineral reserves and coal; the renewable natural capital of timber
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resources, fisheries and water supply; and the non-provisioning ecosystem services
of outdoor recreation and net greenhouse gas sequestration. These are more natu-
ral assets than have been considered in other natural capital accounting systems,
including the TheWorldBank (2006) and UNEP&UNU-IHDP (2014). However,
many other important natural assets for which valuing methodologies do not yet
exist remain excluded from the accounts. To name a few, for instance there is bio-
diversity, cultural heritage, and aesthetic experience, but there are many others.
Although partial, the initial estimates in the UK confirm that natural capital value
in this country has been consistently declining since it was first measured in 2009.
Figure 2.10 presents the trajectory of the UK’s natural capital value between 2009
and 2014, as reported by the Office for National Statistics (ONS, 2016c). From the
figure, we can see that natural capital passed from an approximate total estimate
of £566 billion (in 2009 constant price) in 2009, to less than £383 billion in 2014,
representing a 32.3% decline over a period of five years. The rapidly declining rate
of natural capital has motivated UK authorities to increase their understanding of
the factors driving changes in the value of natural assets. Analyses using natural
capital accounting systems have allowed for the extraction of information about
the condition and factors influencing the values of natural capital.
2 2 1 2 11 2 12 2 1 2 14
0
1
2
3
4
5
6
7
100
200
300
400
500
600
700
0
2009 20 0 20
20 2
20 3 20
G
B
P
b
i
l
l
i
o
n
Figure 2.10: UK natural capital monetary estimates reported by national
authorities between 2009 and 2014, in millions of constant 2014 £. Source ONS
(2016c).
2.7. Natural Capital in the UK 41
In so far as natural capital financial approaches are concerned, environmental
taxes have been traditionally implemented in the UK mainly in energy, transport,
pollution and resource production, each having different results on environmental
benefits and the economy (Webster and Ayatakshi, 2013; Abdullah and Morley,
2014; Martin et al., 2014). Only in 2014, revenues from environmentally related
taxes stood at £44.6 billion (ONS, 2014). The traditional tax approach is also
being complemented by more innovative approaches emerging in recent years. At
the national level, for example, the UK Government has committed to a 25-year
plan of ‘targeted investments’ to restore the UK’s natural capital (BES, 2015).
Moreover, the UK has already developed the Green Investment Bank as a finan-
cial initiative to fund green infrastructure projects with minimum environmental
impact across the UK (GIB, 2016). Furthermore, the possibility of creating an
SWF to manage the rent from the potential exploitation of shale gas resources has
been debated in the House of Commons (UKParliament, 2016). At regional level,
local authorities have begun to formulate their own natural capital investment
strategies for the future. Examples include the investment strategy developed
by authorities in Surrey (SurreyNaturePartnership, 2015) and Dorset (DorsetLo-
calNaturePartnership, 2016) for the recovery of their renewable natural capital,
and the green infrastructure investment plan designed for London to improve the
condition of non-provisioning ecosystem services (GreenInfrastructureTaskForce,
2015).
The information on the UK natural capital condition, combined with research ef-
forts of the NCC and DEFRA, have allowed these institutions to identify three
relevant areas where research is imperative on the topic of UK natural capital ac-
counting and financing. First, the impact that natural capital accounting has on
understanding the main drivers of natural capital decline. Second, the assessment
of how investments in natural capital assets offer attractive financial benefits for
investors. And third, the study of the use of new financial mechanisms that can be
adapted to manage and fund natural capital. The work presented in Chapters 4,
5 and 6 addresses, respectively, each of these research areas. Chapter 4 examines
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natural capital accounting in the UK to identify the changes in the value of natu-
ral capital in this country. Chapter 5 analyses the performance of natural capital
investments. Lastly, Chapter 6 studies the ability of SWFs to act as investment
vehicles for natural capital. The next chapter will introduce the theoretical con-
cepts used in the methodologies employed in each of the analysis presented in this
thesis.
3
Theoretical framework
T
his chapter presents a description of the theoretical concepts used in the
methodologies implemented in the following chapters for the analytical
work conducted on natural capital. The content in the chapter starts
by describing some stochastic processes commonly used to model natural assets
pricing. Then, a review of the global sensitivity analysis in presented which will be
used in Chapter 4 to assess the impact that the condition of natural assets has on
UK total wealth. In addition, some of the empirical relationships broadly studied
in macroeconomic theory and that are of interest for establishing links between
natural capital condition and macro-economic variables are discussed. Later, a
description of Mean-Variance portfolio optimization technique is presented which
will become relevant to study the performance of natural capital investments in
Chapter 5. Finally, the theoretical framework to model and assess the performance
of commodity sourced Sovereign Wealth Funds (SWFs) portfolios is explained.
This framework will be required to examine the ability of SWFs to invest in
natural capital in Chapter 6.
3.1 Stochastic processes for commodity pricing
For the monetary valuation of natural capital, SEEA-CF (2012) framework recom-
mends as a first option that natural capital should be valued based on their price
in existing markets when possible. When markets do not exist, valuation should
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be done based on the value assets would have if markets existed. For example,
the valuation of protected land (not tradeable) must be based on what the land
would be sold for on the open market. Alternatively, when market information is
completely unavailable, projecting the levels of service flows and their real prices
over an accounting lifetime and applying a discount rate to generate a net present
value would be a desirable approach. In the case of non-renewable natural capital,
most assets (e.g. oil, gas, minerals, coal, etc) have well established markets where
they are commonly traded at prices that change according to market conditions.
Valuing these types of assets requires having information on the market price and
its changes over time. Nevertheless, when studying future scenarios price paths
can be modelled using stochastic processes to generate random trajectories that
could potentially describe the future trend of the commodity prices. In financial
modelling, Geometric Brownian Motion (GBM) and Mean Reverting (MR) are two
of the most popular stochastic processes used to model commodity prices (Meade,
2010; Helyette and Fong, 2009; Lutz, 2009; Postali and Picchetti, 2006; Schwartz,
1997). Thus, these processes are frequently considered for valuing non-renewable
natural capital (see for instance UNEP&UNU-IHDP (2014)). Other stochastic
processes also exist that provide a most complex representation of asset prices,
including Arithmetic Brownian Motion (ABM), Fat-tails (i.e. GARCH, Variance
Gamma, ABM with normal jumps) and Mean-Reverting with Fat Tails. However,
for the sake of the analysis conducted in Chapter 4, it is beyond the scope of this
research to look at all them in detail. Brigo et al. (2007) provides a comprehensive
description of these stochastic processes. Below, the GBM and MR of interest
for this work are described with examples of their applications in natural capital
valuation provided.
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3.1.1 Geometric Brownian Motion
The GBM process describes the stochastic behaviour of an asset instantaneous
price, S(t), as follows
dS(t) = µS(t)dt+ σS(t)dW (t), (3.1)
where W follows a stochastic process called Wiener process that is characterized
by presenting independent increments that are normally distributed, such that
dW (t) = ε
√
dt, where ε is a random draw from the standardized normal distri-
bution. This characteristic implies that the model is a Markov process, in which
the computation of future asset prices depends only on the current asset price and
not on past values. The constant µ is called the drift parameter and it controls
the trend of the GBM trajectory. Meanwhile, σ is another constant called the
volatility parameter that controls the random noise embodied in the trajectory.
Equation (3.1) can be solved using Ito’s calculus (Oksendal, 2010; Karatzas and
Shreve, 1997), implying that
d lnS(t) =
(
µ− σ
2
2
)
dt+ σdW (t). (3.2)
Providing a time subscript to each variable in Equation (3.2) and integrating over
the time interval 0− T , with T > 0, we can write
∫ T
t=0
d lnS(t) =
∫ T
t=0
(
µ− σ
2
2
)
dt+
∫ T
t=0
σdW (t), (3.3)
which solution is given by
lnS(t)− lnS(0) =
(
µ− σ
2
2
)
T + σ[W (T )−W (0)]. (3.4)
Taking the exponential in both sides of Equation (3.4) and rearranging, the solu-
tion to the GBM process can be expressed as follows
S(T ) = S(0) exp
[(
µ− σ
2
2
)
T + σε
√
T
]
. (3.5)
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Equation (3.5) shows that asset prices in GBM are given by a log-normal distribu-
tion, while the logarithmic returns ln(S(T )/S(0)) are normally distributed. The
mean and the variance of S(t) are given by
E[S(T )] = S(0) exp(µT ),
and
Var[S(T )] = exp(2µT )S(0)2[exp(σ2T )− 1]
respectively.
The calibration of the model to find the value for parameters µ and σ is commonly
done using the maximum likelihood method to fit historical time series (Smith,
2010; Brigo et al., 2007). This method finds the parameter estimates that maximise
the likelihood of the model given the observed data. The probability of observing
a particular data sample, assuming the process holds the Markov property, is
represented as a function ζ(µ, σ) of the form
ζ(µ, σ) = fµ,σ(x1, x2, . . . , xn) =
n∏
i=1
fµ,σ(xi),
where fµ,σ is the probability density function. Maximum likelihood estimates the
values of µ and σ that maximise the likelihood function. Since the result of the
product of density functions could be small, the function is usually transformed
into a log form as follows
ζ∗(µ, σ) = log ζ(µ, σ) =
n∑
i=1
log fµ,σ(xi).
The maximum of the log likelihood is commonly found numerically using opti-
mization algorithms.
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3.1.2 Mean-Reversion
Mean reversion is the property of the stochastic process to tend to revert to a
certain constant value with limited variance around it (Brigo et al., 2009). This
characteristic embodies the argument that when commodity prices are too high
(or too low), demand will reduce (increase) and supply will increase (reduce),
rebalancing the price again and reverting it to a mean value (Smith, 2010). This
feature has made MR to be widely used to model interest rates and commodities.
One of the most popular MR models is the Ornstein and Uhlenbeck (1930) (O-
U) process. In this process, the logarithmic returns X(t) = ln[S(t)/S(t − 1)] is
described by
dX(t) = λ(µ−X(t))dt+ σdW (t)
where dW (t) is again the Wiener process, µ is a constant describing the long run
mean the process tend to revert to, σ is the volatility of the process, and λ is
another constant controlling the speed of mean reversion. The solution to the
MR stochastic differential equation between two time instants ti and ti+1, with
0 ≤ ti < ti+1, can be obtained from the solution to the Ornstein-Uhlenbeck SDE,
as
X(t) = µ(1− e−λ(ti+1−ti)) + e−λ(ti+1−ti)X(ti) + σe−λti+1
∫ ti+1
ti
eλudW (u). (3.6)
Taking ∆t = ti − ti−1, Equation (3.6) can be written as
X(ti) = µ(1− e−λ∆t) + e−λ∆tX(ti−1) + σ
√
(1− e−2λ∆t)
2λ
dW (ti), (3.7)
where dW (ti) ∼ N(0, 1). The conditional mean and variance for the O-U process
can be derived from Equation (3.7), and are given by
E[X(t)] = µ+ (X(τ)− µ)e−λ(t−τ),
and
Var[X(t)] =
σ2
2λ
(
1− e−2λ(t−τ)) ,
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respectively.
It can be observed that as time increases, the mean tends to converge to the
value µ and the variance remains bounded, thus, implying mean reversion. De-
spite the popularity of the O-U process to model asset prices, the model has the
major pitfall that it can give negative estimates. This is an inappropriate feature
for modeling non-negative asset prices. However, when applied in computational
models, negative values can be prevented by adjusting convenient levels for the
mean and the standard deviation of the process. Or simply, by substituting those
negative value by a minimum non-negative value acceptable for the model.
The parameters µ, σ and λ in the O-U model are normally estimated using least
square regression and maximum likelihood technique (Smith, 2010; Brigo et al.,
2007). The equation describing the solution to the MR process can be rewritten
in the following linear form
X(ti) = a+ bX(ti−1) + c(ti),
with
a = µ(1− e−λ∆t)
b = e−λ∆t
c = σ
√
(1− e−2λ∆t)
2λ
and (ti) represents the error term in the form of Gaussian white noise. The
coefficients a, b and c can then be calibrated using a least-square linear regression
model of the time series X(ti). By solving the three equations system, it can be
reduced to the following expressions for the parameters µ, σ and λ respectively
µ =
c
(1− b)
σ =
c√
(b2 − 1)∆t/2 ln(b)
λ = − ln(b)
∆t
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Calibration through least-square regression technique is recognized to provide good
estimates for µ and σ, but it is poor in estimating λ (Yu, 2012). In order to
improve the accuracy in estimating λ, Phillips and Yu (2005) introduce a more
sophisticated ‘jackknifing’ technique used in more advanced applications.
3.2 Global Sensitivity Analysis
Global sensitivity analysis (GSA) is a particular sensitivity analysis technique
that studies how the uncertainty of the output of a mathematical model can be
associated with the different sources of uncertainty in the model inputs (Saltelli
et al., 2004). GSA is useful to know how much of the variation of a model output is
attributed to the variations of a particular input (or group of inputs) in the model.
As part of the analysis presented in Chapter 4, a mathematical model for the UK
national wealth and natural capital is presented. It is the interest of this research
to identify which input parameters (given by variables associated to the stage of
natural capital condition) are more influential over the model output (given by
aggregated values of natural capital and total wealth). This information will be
useful, for example, to identify which natural assets or macroeconomic variables
are more influential on introducing changes in natural capital and wealth values.
Thus, providing information on the major drivers of natural capital change for the
UK case.
A number of different sensitivity analysis methodologies are available in the lit-
erature. Some of the most popular approaches for sensitivity analysis are based
on partial derivatives. These methodologies focus on estimating the sensitivity
of an output Yj versus an input Xi, as the derivative ∂Yj/∂Xi. Derivative-based
approaches have the advantage to be easy to implement and they result very
computationally efficient. Nevertheless, derivative-based approaches are greatly
limited when the model inputs are uncertain and when the model is not linear
(Saltelli et al., 2008). In consequence, derivatives only provide information at the
base point where they are computed and do not attempt to explore the full input
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space. Another simple but very useful form of sensitivity analysis is to build scat-
ter plots of the output variable against individual input variables. Scatter plots
can be used to investigate the behaviour of models and they allow to order input
factors by their influence on the output. However, scatter plots are less convenient
in models involving many input factors. This introduces the challenge of how to
analyse factors succinctly without having to look at many scatter plots. Another
problem with this methodology is that it does not allows capturing the sensitivities
resulting from sets of input variables.
Despite overcoming the aforementioned pitfalls, global sensitivity analysis still
faces other limitations. The method can be complex to implement and confus-
ing to explain when the model has a large number of input variables (Kennedy,
2007). Moreover, highly complex model are also more computational demanding,
requiring longer time to run a GSA. According to Saltelli et al. (2008), the main
drawback of GSA is the slow convergence rate to the estimators, which can lead
to a high computational cost when the number of input parameters increases. In
addition, GSA assumes the set of input variables in a model are independent.
Hence, when inputs are correlated, some ambiguities arise in the definition of the
sensitivity indices given by GSA (Rabitz, 2010). The particular issue of GSA for
dependent inputs has been widely discussed in the literature (Chastaing et al.,
2012; Gauchi et al., 2010; Li et al., 2010; Xu and Gertner, 2007; Jacques et al.,
2006), however, it remains to be a major pitfall. Therefore, the convenience of us-
ing GSA depends on considerations such as: the computational cost of running the
model, the number of input factors, linearity features of the model, consideration
of interactions among variables in the model, and the purpose of the analysis.
The mathematical model utilized in Chapter 4 for natural capital valuation is
in general complex and involve a reasonable number of input factors (around 18).
Moreover, the model is non-linear and the variation effect on the model output may
very likely be the result of the combination of multiple input variables rather than
just one. Therefore, given the limitations of the derivative-based and scatter plot
approaches, and considering the computational resources available in this research,
GSA has been chosen as the sensitivity analysis technique to be implemented in
3.2. Global Sensitivity Analysis 51
the natural capital study presented in this thesis. A summary of this technique is
provided as follows.
GSA was firstly introduced by Sobol (2001). This approach decomposes the output
uncertainty to the uncertainty of different inputs in the model and their combi-
nations (Saltelli et al., 2008). Therefore, the variance of the model output is
decomposed as follows
V (Y ) =
∑
i
Vi +
∑
i<j
Vi,j +
∑
i<j<m
Vijm + · · ·+ V1,2,...k
where Vi is the fraction of the output variance attributed to the marginal factor
Xi, Vij is the fraction of the output variance due to the interactions between input
factors Xi and Xj, Vijm is the fraction of the output variance resulting from the
interaction among the factors Xi, Xj and Xm, and k is the total number of input
factors.
The GSA approach establishes that the variance of the model output can be used
to compute two sensitivity indices to characterize the effect of an input over the
uncertainty of the output. The first index is known as the first-order sensitivity
index (Si) of the input factor Xi, and it is given by
Si =
VXi(EX∼i(Y | Xi))
V (Y )
where EX∼(Y | Xi) is the expected value of the output Y when the input parameter
Xi is fixed to the value xi. The term VXi(EX∼i(Y | Xi)), therefore, refers to the
variance of the expectation of Y conditioned by Xi = xi, measured over all possible
points xi. The term X∼i denotes the set of all input factors except Xi and V (Y )
is the variance of the output.
The value of Si always lies between 0 and 1. The higher its value, the greater the
influence of Xi over the output. Similarly, a low value of Si indicates unimportant
variables. For additives models, that is a model for which it is possible to separate
the effects of its input variables in a variance decomposition framework, the rela-
tionship
∑r
i=1 SZi = 1 holds. While for non-additive models, the first order terms
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do not add up to 1, i.e.
∑r
i=1 SZi ≤ 1. The difference 1−
∑
i Si is an indicator of
existing interactions in the model.
The second index is referred as the total effects sensitivity index (STi) of factor
Xi, expressed as
STi = 1−
V (E(Y | X∼i))
V (Y )
=
E(V (Y | X∼i))
V (Y )
,
where the term V (E(Y | X∼i)) is the variance of the output expectation when
conditioned on all factors but xi. The total effect index can be expressed as a
linear combination of the contribution to the output variation due to factor Xi
(i.e. the first order effect) and all higher-order effects resulting from the interaction
between sets of input factors (Saltelli, 2002; Saltelli et al., 2008), as follows
STi = Si + Sij + Sijm + · · ·+ Sijm...k,
therefore, total indices can provides information on how much the factor Xi is
involved in interactions with any other input factor of the model by looking at
the difference STi − Si. A null value of STi (i.e. STi = 0) implies that Xi is non-
influential and it can be fixed anywhere in its distribution without affecting the
variance of the output. The sum of all STis is always greater than 1, and it is
equal to 1 if the model is perfectly additive.
The advantages of the GSA approach compared to other approaches is that it works
for all models independently of the degree of linearity. Moreover, it summarizes all
the relevant information about the influence of an input factor over the output of
a model in a set of 2k indices normalized between 0 and 1. This avoids the need of
having to reproduce a large number of scatter plots in models with a large number
of input factors. In addition, the set of indices also captures information about
the combined effects of a set of input factors by providing information about their
interactions.
Sensitivity indices for GSA can be computed using a number of different methods,
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including Monte Carlo based methods, metamodels (Zuniga et al., 2013), scat-
ter plots smoothing techniques (Storlie and Helton, 2008; Chan et al., 2013) and
Fourier amplitude sensitivity testing (FAST) (McRae et al., 1982), among others.
Out of them, Monte Carlo-based procedures are probably the most commonly im-
plemented. The most sophisticated Monte Carlo-based procedure available today
in the methodology attributed to Saltelli (2002), which represents an extension of
the original approach introduced by Sobol (1990) and Homma and Saltelli (1996).
This methodology is summarized as follows:
1. Generate a (N, 2k) matrix of random numbers, where N is the number of
Monte Carlo samples and k is the number of input parameters, and define
two data matrices A and B each containing half of the samples such that
A =

x
(1)
1 x
(1)
2 . . . x
(1)
i . . . x
(1)
k
x
(2)
1 x
(2)
2 . . . x
(1)
i . . . x
(2)
k
...
...
...
...
x
(N−1)
1 x
(N−1)
2 . . . x
(N−1)
i . . . x
(N−1)
k
x
(N)
1 x
(N)
2 . . . x
(N)
i . . . x
(N)
k

B =

x
(1)
k+1 x
(1)
k+2 . . . x
(1)
k+i . . . x
(1)
2k
x
(2)
k+1 x
(2)
k+2 . . . x
(2)
k+i . . . x
(2)
2k
...
...
...
...
x
(N−1)
k+1 x
(N−1)
k+2 . . . x
(N−1)
k+i . . . x
(N−1)
2k
x
(N)
k+1 x
(N)
k+2 . . . x
(N)
k+i . . . x
(N)
2k
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2. Define a matrix Ci formed by all columns of B except the i-th column, which
is taken from A:
Ci =

x
(1)
k+1 x
(1)
k+2 . . . x
(1)
i . . . x
(1)
2k
x
(2)
k+1 x
(2)
k+2 . . . x
(2)
i . . . x
(2)
2k
...
...
...
...
x
(N−1)
k+1 x
(N−1)
k+2 . . . x
(N−1)
i . . . x
(N−1)
2k
x
(N)
k+1 x
(N)
k+2 . . . x
(N)
i . . . x
(N)
2k

3.2. Global Sensitivity Analysis 54
3. The model output is computed for all the input values in the sample matrices
A, B and Ci, obtaining three N × 1 vectors:
yA = f(A) yB = f(B) yCi = f(Ci),
4. The first order index and the total effect index are estimated as follows:
Si =
V [E(Y | Xi)]
V (Y )
=
yA · yCi − f 2o
yA · yA − f 2o
=
(1/N)
∑N
j=1 y
(j)
A y
(j)
Ci
− f 2o
(1/N)
∑N
j=1(y
(j)
A )
2 − f 2o
and
STi = 1−
V [E(Y | X∼i)]
V (Y )
= 1− yB · yCi − f
2
o
yA · yA − f 2o
= 1− (1/N)
∑N
j=1 y
(j)
B y
(j)
Ci
− f 2o
(1/N)
∑N
j=1(y
(j)
A )
2 − f 2o
where
f 2o =
(
1
N
N∑
j=1
y
(j)
A
)2
The accuracy of the estimates for Si and STi will depend on the number of runs N
chosen. The selection of N should be done considering that the error associated
with the Monte Carlo estimates is proportional to 1/
√
N , which indicates that if
the analyst wishes to reduce the error by a factor of 10, N must be increased by
a factor of 102 = 100. As a rule of thumb, the analyst should select a number for
N , such that N >> 2k; and the sampling points used to build matrices A and
B should be generated using Latin Hypercube sampling (LHS) technique (Iman
et al., 1980; Mckay et al., 1979) to assure a better distribution of samples in the
sampling space. However, the analyst should also take into consideration that
the computational cost of this approach is 2N runs of the model to generate the
matrices A and B, plus k × N to estimate the output vector for the matrix Ci.
Therefore, the total cost is that of N(k + 2) runs.
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3.3 Mean-Variance Portfolio Optimization
The analysis on the performance of natural capital investments presented in Chap-
ter 5 requires to build and test investment portfolios composed by a diverse range
of assets. It is the interest of the work presented in this chapter to compute opti-
mal portfolios of investments that maximizes returns and minimizes level of risk in
order to identify the financial benefits of natural capital investments. A popular
approach broadly adopted for modelling investment portfolio is the Mean-Variance
approach for portfolio optimization. In modern portfolio theory, mean-variance
optimization (MVO) approach is the mathematical framework to estimate the op-
timal portfolio of assets that maximizes the expected return for a given level of
risk that is proxied with the variance. Mean-variance was initially introduced by
Markowitz (1952, 1959), and it became also known as Markowitz portfolio op-
timization. In this approach, the portfolio risk is measured by estimating the
covariance of the asset classes or the correlation among them. Given a portfolio
conformed by N -risky assets, the portfolio return, rp, is given by
rp =
N∑
i=1
wizi, (3.8)
where wi represents the weights allocated to the individual asset i and zi is the
expected asset return. The variance of the portfolio is defined as
V arp =
N∑
i=1
w2i σ
2
i +
N∑
i=1
∑
j 6=i
wiwjρijσiσj, (3.9)
where σi is the variance of the i-th asset, ρij is the correlation coefficient between
assets i and j, and σi is the standard deviation of asset i.
Markowitz optimization determines the efficient portfolio as the set of weights
that allows obtaining the maximum expected portfolio return for a given level of
variance. Or similarly, the portfolio that minimizes the risk (i.e. the variance) for
a specific target return. The collection of efficient portfolios is normally plotted
in a risk-expected return space to create the efficient frontier, which presents the
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best possible returns for a given level of risk. The efficient frontier is a hyperbolic
shaped curve that encloses all the non-efficient portfolio in it (Merton, 1972).
A matrix representation is frequently used for the estimation of the efficient fron-
tier. If we represent the portfolio weights using a N × 1 vector w and the set
of returns of the N -risky assets by the vector z, the optimization problem in
Markowitz Mean-Variance approach can thus be defined as
w∗ = argmin
w
wTΣw (3.10)
subject to achieving the target return rp, such that z
Tw = rp and to the constrains
1Tw = 1, where Σ is a N ×N matrix with the covariance of the risky assets.
MVO relies on the assumption that asset returns are normally distributed, and
only returns, variance and covariance are needed to derive the optimal portfo-
lio. Therefore, if skewness or kurtosis exist in the returns, these would not be
captured in the model (Francis and Kim, 2013). Moreover, MVO is based on
expected values and variance to model investor preferences, which mean making
mathematical assumptions about the future that in many cases will not represent
actual investor preferences in practice. This lead to several problems, for instance,
expected values fail to take account of new circumstances that did not exist in
the historical data (Low et al., 2016); it implies increasing absolute risk aversion,
which means that as an investor wealth increases, its risk aversion also increases
(Francis and Kim, 2013); and it implies investors are indifferent to negative profits
which it is not realistic. Another weakness of MVO is that the technique faces
problems of robustness and sensitivity of the optimal portfolio weights to changes
in the input parameters (Fabozzi et al., 2007). This results in a weight allocation
that places too much weight to assets with higher expected return, and zero al-
locations to assets with lower expected return. Despite its several drawbacks and
weaknesses, MVO is still the optimization approach for portfolio allocation most
widely adopted among practitioner given its simplicity and convenience.
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3.4 Asset Allocation for Oil-sourced Sovereign
Wealth Funds
In the analytical study introduced in Chapter 6, it is required to model the portfo-
lio of investment of an oil-funded SWF to determine optimal allocations in a set of
investment assets. The Mean-variance portfolio optimization approach described
in the previous section is not sufficient to address the problem of determining
optimal allocations in a commodity source portfolios. Unlike other type of in-
vestment portfolios, oil-funded SWFs shall consider optimal allocations that take
into account for the risk of the assets respect to oil prices. In this sense, optimal
assets will be not those assets that maximize returns and minimize the portfolio
risk only, but those that also minimize the risk with the commodity price that is
funding the fund. As a result, an extra level of complexity is added to the problem
of estimating optimal portfolios for SWFs.
The theoretical framework developed by Gintschel and Scherer (2008) addresses
the optimal asset allocation problem for oil-sourced Sovereign Wealth Funds (SWFs).
This framework differentiates a country’s wealth into two main components: a
fraction, ω, that represents the value of subsoil assets (e.g. oil reserves); and a
remaining fraction, (1 − ω), that represents the value of above-ground assets in
the form of an SWF that is invested in financial securities. Oil resources are de-
termined by the size of oil reserves xo, in million barrels, and the price per barrel
po. The total value of oil resources is therefore, xopo, and changes in oil prices
determine their expected return ro, and risk σo that the country wants to diver-
sify. The value of above-ground assets is given by the market value of the fund
vf , which is invested in a portfolio of N-risky securities with weights w, such that
1T · w = 1. The return of the N-risky assets over the period of analysis is given
by the vector z, and their covariances are provided by the matrix Σ. The return
on the portfolio is rp. Therefore, the change in total wealth (i.e. oil reserves and
financial assets) is given by r = ωro + (1 − ω)rp, where ω = xopo/(xopo + vf ) is
the value of oil reserves relative to aggregated wealth. The exposure of financial
assets to oil risk is captured by the oil sensitivity of the asset’s returns collected in
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a vector b, whose elements bi = Cov(zi, ro)/σo. In consequence, the oil exposure
of a financial portfolio w, is defined as wT · b.
Following the standard definition, an optimal asset allocation is defined by a port-
folio that minimises variance for a given expected return. Gintschel and Scherer
(2008) distinguish between two possible choices for the optimal portfolio: a locally
efficient portfolio and a globally efficient portfolio. A locally efficient portfolio
neglects the commodity risk of a country. In the standard mean-variance frame-
work, as commonly applied in practice, the locally efficient portfolio is obtained
by solving the problem
w∗ = argmin
w
wTΣw (3.11)
subject to achieving a target expected return µ, such that zT ·w = µ, and to the
constrains 1T ·w = 1. The solution to this problem is denoted by wL(µ) which is
efficient in isolation.
A global efficient portfolio wG(µ), on the contrary, takes into consideration the
commodity risk and it yields to an efficient combined portfolio that minimizes the
variance of changes in aggregate wealth given by
V ar(r) = ω2σ2o + (1− ω)2wTΣw + 2ω(1− ω)σ2owTb (3.12)
subject to the constrains 1Tw = 1 and zTw = µ. It is worth noticing that the
solution of the global portfolio has the same expected return µ as the locally
efficient portfolio, independently of the expected oil price change. This avoid the
need of making further assumptions on the expected oil price change. It can be
proven (see Gintschel and Scherer (2008) and Bertoni and Lugo (2013)) that for
any desired return µ, the globally efficient portfolio can be expressed as a linear
combination of the locally efficient portfolio and a hedge portfolio wH as follows
wG = wL(µ) +
ω
(1− ω)wH (3.13)
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where
wH =σ
2
o{−Σ−1b + Σ−1z
1
∆
[(1TΣ−11)(zTΣ−1b)− (zTΣ−11)(1TΣ−1b)]
+ Σ−11
1
∆
[(1TΣ−1b)(zTΣ−1z)]}
(3.14)
is a zero- net investment, zero-expected return hedge portfolio, and ∆ = (zT
Σ−1z)(1TΣ−11) − (1TΣ−1z)(zTΣ−11). Thus, for any target return the globally
efficient portfolio can be derived from a locally efficient portfolio using the hedge
portfolio wH .
Excluding some special cases, such as when commodity is riskless (i.e. σo = 0),
when its risk is orthogonal to the risk of financial assets (i.e. b = 0) or when the
country does not want to diversify its commodity risk (i.e. ω = 0), it is found that
the locally efficient and the globally efficient portfolios are different. In general,
for a given level of return, wG(µ) will have a higher stand-alone risk and a lower
Sharpe ratio than wL(µ). An oil-funded SWF aiming to diversify oil risk will not
invest in the locally efficient portfolio, but rather, it will invest in the globally
efficient portfolio that takes into account the sensitivity of financial assets with
oil b. Assets exhibiting high sensitivity with oil risk tend to be underweighted,
and the sensitivity to commodity risk can be more tolerated in assets with higher
expected returns. Therefore, when analysing the performance of an SWF, it should
be done considering the globally efficient portfolio, otherwise, results would provide
consistently incorrect conclusions (Bertoni and Lugo, 2013).
4
Natural capital and wealth accounting
A
fundamental interest in a country development strategy is having infor-
mation about the condition of its natural capital over time. Natural
capital accounting systems have already been developed and imple-
mented in several countries (see e.g., BureauOfMethodology (2013); StatisticsS-
weden (2015); StatisticsCanada (2016)) with the objective of tracking changes
on the value of natural capital assets and identifying the major factors affecting
those changes. Information about the value of the stock of natural resources and
drivers of change is a prerequisite for informed decision-making (Guerry et al.,
2015; Greenhalgh, 2015). This information also allows for the estimation of the
total wealth of a country that can then be used to assess the sustainability of
development (Dasgupta, 2010; Arrow et al., 2012; Polasky et al., 2015). The value
of natural capital is a fundamental component of the wealth of a nation, which is
the result of aggregating the value of the stock of produced, human, and natural
capital assets. A necessary condition for delivering sustainability is the preser-
vation of enough per capita wealth, including its natural capital component, for
future generations (Costanza and Daly, 1992).
Awareness of the importance of natural capital and wealth accounting, has guided
international efforts, led primarily by The World Bank with its Where is the Wealth
of Nations? report (TheWorldBank, 2006) along with the Inclusive Wealth Re-
port published by UNEP&UNU-IHDP (UNEP&UNU-IHDP, 2014), to estimate
the value of wealth and its components in countries around the world. The studies
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conducted by the above sources reveal two striking observations about the wealth
composition of developed economies: first, that natural capital normally repre-
sents a very small fraction of national wealth compared to other capital forms,
e.g., human and produced capital; and second, the value of natural capital has
been declining steadily in the last decades. A wealth composition that is largely
composed of elements of produced and human capital, under conditions of fi-
nancial shock, exposes per capita wealth trajectories to the risk of decline. The
2008 financial crisis, for instance, severely impacted the levels of human and pro-
duced capital in developed and developing economies, and in doing so, dragged
down aggregate values of wealth. The 2008 financial crisis yielded a high default
rate in the United States subprime home mortgage sector, precipitating an inter-
national banking crisis that collapsed a number of the world largest investment
banks (French et al., 2009; Kehoe et al., 2008). Natural capital, on the contrary,
is an element of wealth which is less exposed to economic fluctuations since its
value is less dependent on economic stability. Nevertheless, different forms of nat-
ural capital including non-renewable and renewable natural assets and ecosystem
services, as already mentioned, continue to decline due to the persistent depletion
and degradation of natural capital stock.
The aforementioned context reflects the specific case for the United Kingdom. The
UK is an example of a leading nation in the implementation of natural capital and
wealth accounts, that has successfully been able to track changes in the value of
its capital stock over time (ONS, 2015). The first estimates of natural capital in
the UK were introduced by the Office for National Statistics (ONS) in 2012, and
values for natural assets have been reported since 2009. Similarly, estimations of
human capital were initiated in 2004 and values on produced capital have been
accounted for since 1952. The UK’s specific data also shows that per capita values
of human and produced capital were severely affected by the 2008 financial crisis
(ONS, 2016a; TheBlueBook, 2014); whereas the value of natural capital has been
experiencing significant losses, again, mainly due to the decline of non-renewable
natural capital components (Khan et al., 2014). The fall in natural capital value
and the fluctuations of human and produced capital have motivated authorities
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in the UK to investigate how capital asset management, and in particular nat-
ural capital, affects the risk of subsequent declining trajectories for their values.
Moreover, it has also become relevant to identify the main factors driving those
trajectories.
In line with this interest, this Chapter presents an analysis of the UK’s wealth
composition and assesses the risk of registering declining trajectories of per capita
value of natural capital and wealth. The main objectives of this analysis are,
first, to examine the trajectories registered for natural capital and wealth in the
UK between 2003 and 2013, and identify which factors are driving the changes
in their values. Thereafter, we study the effect of the 2008 financial crisis on the
trajectories of each capital component of wealth. Lastly, we assess the risk of de-
clining per capita natural capital and per capita wealth over the period 2015-2020
in order to identify the main factors influencing those risks. In this chapter we
aim to enhance the understanding of how natural capital and wealth accounting
systems generate useful information on the condition of capital assets and their
changes in the specific case of the UK. To assess the risk of subsequent declining
trends of natural capital and wealth values, we develop a stochastic model for the
UK’s wealth and then run Monte Carlo simulations. The model has the capa-
bility to estimate wealth components and their changes, using the methodologies
for wealth accounting implemented by UK government agencies. Our extensive
collection of empirical data is drawn from publicly available datasets. The model
also accounts for some of the most relevant relationships existing among capital
assets and macroeconomic variables of interest such as GDP changes. A significant
contribution of this chapter is to provide a quantitative tool to track changes in
the monetary value of natural capital assets in the UK over the years within the
examined period. The monetary valuation of the different natural assets takes into
account aspects of quantity and quality of the underlying asset, as well as, other
factors such as market price, inflation, and economic growth in order to provide
an estimation of its value. By providing a monetary estimation of the value of
natural capital, the developed tool can identify increasing and decreasing trajec-
tories, as well as, rates of change which allow comparison among different natural
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asset classes.
The content of this chapter is organized as follows. Section 4.1 presents a compila-
tion of related works on this subject. Section 4.2 introduces the methodology used
for wealth accounting and the stochastic model developed for the risk assessment.
Section 4.3 provides the results of wealth composition, natural capital trajectories,
risk assessment based on scenario evaluation, and our sensitivity analysis. Finally,
in Section 4.4, we summarize the main findings and conclusions of the research
conducted here.
4.1 Related work on natural capital and wealth
accounting
Natural capital accounting has become a fundamental component of the ‘capital
approach’ to measure changes in wealth over time (Atkinson et al., 2014). Early
works of Solow (1986); Maler (1991); Pearce and Atkinson (1993) and Asheim
(1994) discuss the importance of ‘greening’ accounting systems by incorporating
natural capital accounts and providing a more comprehensive picture of capital
asset management in modern economies. The measurement of natural capital
value, as part of the aggregated wealth of nations, is also supported by the works
of international organisations. Prominent examples include the creation of the
System of Environmental-Economic Accounts (SEEA-CF, 2012) by the UN Sta-
tistical Commission and the development of national wealth accounting approaches
by The World Bank (TheWorldBank, 2006) and the United Nations University-
International Human Dimension Programme and United Nations Environmental
Programme (UNEP&UNU-IHDP, 2014). The approaches for wealth accounting
introduced by the World Bank and the UNEP&UNU-IHDP are currently the two
major alternatives widely adopted for estimating wealth and its components, in-
cluding natural capital. Estimations in the World Bank approach are based on
the theoretical work of Hamilton and Hartwick (2005), where wealth is estimated
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as the present value of future consumption and is broken down into various cap-
ital forms, i.e. natural capital, produced capital and intangible capital which
encompasses human, social, and institutional capital. Conversely, the alternative
approach to wealth accounting adopted by UNEP&UNU-IHDP is based on the
theoretical framework of Arrow et al. (2012, 2013) which estimates wealth as the
aggregated value of produced, human, and natural capital components.
Both approaches for wealth estimation differ in the implementation of their method-
ologies for valuing capital assets. Nevertheless, the basic idea behind both ap-
proaches is the same. Wealth results from aggregating the monetary value of
produced, human, and natural capital components. Moreover, the value of wealth
and its capital components are divided by population in order to obtain per capita
estimates. A sustainable management of capital assets requires that levels of ag-
gregated per capital wealth do not decline over time (Polasky et al., 2015; Heal
and Kristrom, 2005; Dasgupta and Maler, 2001). Therefore, both approaches fo-
cus on analysing changes (i.e. growth rates and variations in the composition) in
the per capita value of wealth and its components over time that are reported in
monetary values in real terms.
Based on the aforementioned approaches, a number of works in the literature focus
on changes in natural capital and wealth value in different countries. TheWorld-
Bank (2001), for instance, has estimated values of wealth and its components in
120 countries over three years (1995, 2000 and 2005). While the Inclusive Wealth
Report 2014 published estimates of changes in wealth and all of its components
for 140 countries over the period 1990-2010 (UNEP&UNU-IHDP, 2014). More-
over, Dasgupta (2014) has analysed the composition of wealth accumulation in
India and studied the trajectory of the country’s natural capital over the period
1995-2000. The study of Dovern et al. (2014) applies wealth and natural capi-
tal accounting to develop a sustainability index to rank 100 cities in Germany.
Ollivier and Giraud (2011) assessed the sustainability of Mozambique’s develop-
ment path between 2000 and 2005 using the Arrow et al. (2012) methodology for
wealth and natural capital estimation. Likewise, Lange (2004) also used the Ar-
row et al. (2012) approach to measure the per capita value of natural capital and
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national wealth in Botswana and Namibia, contrasting the development paths of
both countries over the period 1980-2001, over which time different natural capital
policies were adopted. In Barbier (2013), a case study implements natural cap-
ital accounting to track changes in the value of mangroves in Thailand between
1960 and 2010. Engelbrecht (2014) used The World Bank approach to evaluate
sustainability in OECD countries between 1995 and 2005. Lastly, in Engelbrecht
(2016), differences in wealth and natural capital valuation in OECD countries are
compared using the two different approaches for wealth estimation. All of the
above studies show consistent declines in natural capital values in the different
countries.
In the UK, significant efforts have also been made to introduce natural capital
accounting as an integral part of wealth accounts (UKNEA, 2014; ONS, 2012).
Estimations of produced capital components have traditionally been reported in
the UK National Accounts since 1952, and more recently natural and human
capital estimates have emerged to be incorporated into the national accounts. The
first methodology for the estimation of natural capital in the UK was introduced
by Khan et al. (2014). The methodology is based on The World Bank’s approach
for wealth measurement. However, it has been extended to include further natural
capital assets and ecosystem services that are not considered in The World Bank
estimates. Despite the UK having implemented estimates of its different wealth
components, no previous work in the literature has yet gathered this information
together to study changes in natural capital value and aggregated wealth in this
country when following their own adopted approach. Moreover, most of the works
found in the literature limit to the report of estimates of natural capital and wealth
changes based on historical data. The present work goes a step further and not
only evaluates the historical trajectories of UK’s wealth and natural capital, but
also introduces projections into the future based on different scenarios. Particular
focus is given to identifying the drivers of changes in wealth and natural capital
value and assessing the risk of declining their respective values.
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4.2 Methodology
4.2.1 Stochastic model for wealth and risk analysis
The model built for wealth estimation and risk assessment is based on the dif-
ferent methods adopted by the Office for National Statistics (ONS) in the UK to
estimate the value of wealth components. Those methods are compiled together
to create a single model to track changes in total wealth over time. In addition, a
number of empirical relationships existing among the different capital assets and
macroeconomic variables of interest are incorporated. The mathematical model
consists of a stochastic discrete model that estimates wealth and its components
on an annual basis along the period 2003-2020. Estimations before 2013, are based
on available data, while estimations after 2013 are the result of projections of pos-
sible scenarios incorporating random variable to simulate uncertainty. A detailed
description of the assumptions considered in the model is presented in Appendix
B.
Wealth, Wt, at time t is given by adding up the values of produced capital, C
P
t ,
human capital, CHt , and natural capital, C
N
t , as follows
Wt = C
P
t + C
H
t + C
N
t , ∀t = {2003, 2004, . . . , 2020} (4.1)
The value of CPt is estimated using Perpetual Inventory Method (PIM) as described
by Dey-Chowdhury (2008). Therefore, CPt is given by
CPt =
AP∑
a
∞∑
τ=0
(1− τγat−τ )Iat−τ , ∀a ∈ AP (4.2)
where Ia is the investment in a particular asset a, γa is the depreciation rate of
asset a at a particular year, and AP is the set of produced assets.
In the case of CHt , the estimation of this component is done in an adaptation of
the approach introduced by Fender (2012). This approach estimates the value of
HC as the lifetime labour income of an individual at a given age and educational
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attainment level expressed as
CHt =
6∑
g=1
6∑
d=1
Yg,d,tNg,d,t, (4.3)
where Yg,d,t is the lifetime labour income of an individual in the age group g (i.e. six
age groups to cover the range 16-64, the working age in the UK) and educational
attainment level d (i.e. six categories: degree or equivalent, higher education,
GCE A-level, GCSE grades A-C, other qualifications, no qualifications) and Ng,d,t
is the number of employed individuals in the specific age and education category.
Yg,d,t is computed using the following expression
Yg,d,t = Eg,d,tBg,d,t +
(
6∑
d=1
Yg+1,d,tΠg,d,t
)
(1− hg,t)1 + κ
1 + ρ
, (4.4)
where Eg,d,t is the employment rate, Bg,d,t is the annual labour income, Πg,d,t is
the probability of upgrading to a higher educational attainment level, hg,t is the
mortality rate, κ is the productivity growth rate (2.0% p.a.) and ρ is the discount
rate (3.5% p.a.).
In regard to natural capital, the methodology used to measure the value of natural
assets is based on the net present value (NPV) approach, as detailed by Khan et al.
(2014). This approach uses projections of future asset prices to generate time series
of future returns during the expected lifespan of the assets. The monetary value
of natural capital is, therefore, calculated as
CNt =
AN∑
a
NPV (Kat , ρ, χ
a) =
AN∑
a
χa∑
t
Kat
(1 + ρ)t
, ∀a ∈ AN (4.5)
where Kat is the resource rent for natural asset a, ρ is the discount rate (3.5% p.a.),
χa is the asset life for asset a (i.e. 25-year for most assets) and AN represents the
total set of natural assets included in the accounts. The stock of natural assets
currently included in the UK’s capital accounts considers the non-renewable assets
of oil & gas reserves, coal reserves, agricultural land and mineral reserves (i.e.
silver, limestone, chalk, sand & gravel, peat and lead); the renewable assets of
4.2. Methodology 68
timber resources, fishery and water supply; and the ecosystem services of outdoor
recreation and greenhouse-gas (GHG) sequestration. The method employed to
estimate the resource rent varies according to each natural asset. However, they
all aim to isolate the value of the benefits produced by the asset itself.
The resource rent for minerals and coal is estimated as follows
Kat = P
a
t · Sat · δat , (4.6)
where P at and S
a
t are the market price and production level of asset a respectively,
and δat is a resource rent ratio introduced to isolate the resource rent for each
component. Market prices for mineral and coal are taken from data reported in
their respective markets for those years for which data is available. Otherwise,
they are modelled using Geometric Brownian motion (GBM) and Mean-Reverting
(MR) stochastic processes as described in Chapter 3.
In the case of oil & gas, the resource rent for this asset is given by
Kat = (P
o
t · Sot + P gt · Sgt )− (qot + qdt + qut ), (4.7)
where P ot and P
g
t are the price of oil and gas respectively, and S
o
t and S
g
t their level
of production. The first term on the right side of Equation (4.7) represents the net
income derived from oil & gas activities (i.e. commercialisation of these assets in
their respective markets) and the second term represents the total cost associated
with the asset production, which includes operating cost (qot ), decommissioning
cost (qdt ) and user cost of produced assets (q
u
t ). Similar to the case of minerals
and coal, the prices of oil and gas are taken from their respective market for those
years where data is available, whereas for the period when data is unavailable they
are modelled using the GBM process. In regard to the total cost of producing this
asset, the model projects its value into the future following a growth rate that is
inputted into the model as an assumption based on historical trends. The asset
life for oil & gas is determined by the years to depletion of proven and probable
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reserves. which occurs when cumulatively projected production surpasses existing
reserves.
For the assets agricultural land, water supply, and fishery the resource rents are
computed by subtracting the total cost associated with a specific industrial clas-
sification from the output (θat of that industry, as follows
Kat = θ
a
t − (ωat + νat + ηat + ζat + φat )︸ ︷︷ ︸
total cost
, (4.8)
where the second term on the right side of the equation represents the total cost
associated with a particular industry to include the intermediate consumption
(ωat ), compensation of employees (ν
a
t ), difference between taxes and subsidies (η
a
t ),
fixed capital consumption (ζat ) and return to produced assets (φ
a
t ).
As for timber resources, the total stocked area of timberland at time t, LTt , is
distributed across six different categories according to their age, namely: i) 0-20
(i = 1), 21-40 (i = 2), 41-60 (i = 3), 61-80 (i = 4), 81-100 (i = 5) and +100
(i = 6). A resource rent is estimated for each category. The estimation is based
on the fraction of timber area associated with each age category, denoted by lTi,t,
such that
∑6
i=1 l
T
i,t/L
T
t = 1, which is given by
Kai,t = P
w
t · lTi,t · ϕ, (4.9)
where Pwt is the stumpage price of wood at time t, and ϕ is the volume of timber per
area (assumed constant at 304 m3/ha) at harvesting age (50 years). As previously
done for other commodity prices, Pwt is modelled using an MR process for years
in which data is not yet available, otherwise it is taken from prices reported in the
timber market. The asset life for each age category is calculated by subtracting
the middle point of the age category from the harvesting age.
In outdoor recreation, the resource rent is calculated as the amount consumers
are willing to pay to visit recreational places as reflected in the cost of travelling.
Two main elements are considered in the travel cost, namely the transport fuel
cost, Mt, and the visiting time. Mt includes the average expenditure per person
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on petrol and diesel per visit. The visiting time, on the other side, is given by 75%
of the average hourly wage, Zt, multiplied by the average duration of the visit, Ft
(Fezzi et al., 2014). Therefore, the resource rent is computed as
Kat = (Mt + 0.75ZtFt) · vt, (4.10)
where vt is the annual number of visits to recreational sites, computed as the
product between the average number of times a person visits the environment in a
year and the total population of the UK. Mt and Dt are assumed to be described
by normal distributions such that Mt ∼ N(µM , σM) and Dt ∼ N(µD, σD).
The resource rent for GHG sequestration is estimated by summing the net amount
of gases captured or emitted by terrestrial ecosystems in the Land Use, Land Use
Change and Forestry (LULUCF) sector. LULUCF groups are put into six different
categories according to their use: forestland (j = 1), cropland (j = 2), grassland
(j = 3), wetlands (j = 4), settlements (j = 5), and other (j = 6). Each land
category has a corresponding area Ljt , such that,
∑
j L
j
t/L = 1, where L is the
total area of the UK, assumed constant for the purpose of our analysis. The
resource rent is computed by multiplying the net amount of gas sequestered from
the atmosphere times the social price of carbon (P st ), as follows
Kat =
6∑
j=1
Λjt · P st , (4.11)
where Λjt is the net GHG emissions from land category j.
Finally, per capita values for wealth and each of its capital components are ob-
tained dividing Wt, C
P
t , C
H
t and C
N
t by UK’s total population, Xt, at time t. For
the analysis of the period 2015-2020, it is of interest to compute the risk of de-
clining per capital values of aggregate wealth and natural capital over time. The
analytical model defines risk as the probability that changes in per capita wealth
or natural capital between two points in time are negative. Therefore, the risk of
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declining per capita wealth is expressed as
RW = Prob
[(
Wt+∆t
Xt+∆t
− Wt
Xt
)
≤ 0
]
, (4.12)
similarly,
RN = Prob
[(
CNt+∆t
Xt+∆t
− C
N
t
Xt
)
≤ 0
]
, (4.13)
represents the probability of declining the value of per capita natural capital.
Where ∆t is assumed to be always greater than zero.
In addition to the valuation methodologies for capital assets described above, the
model incorporates a number of empirical relationships between capital assets and
relevant macroeconomic variables. The value taken by capital assets at a certain
point in time is affected by the condition of other capital assets. In the context
of natural capital, for instance, the value taken by the ecosystem service of GHG
sequestration depends on the value of timber resources, as they are both linked
by the total area of forestland and their capacity to capture CO2 from the envi-
ronment. Moreover, these two values may also depend on the values of produced
capital or agricultural assets as they relate to changes in land use. Likewise,
macro-economic variables such as average wages, employment and unemployment
rates, play a significant role in determining values for human capital. These vari-
ables, in many cases, are influenced by the economic performance of a country as
reflected in GDP changes. In order to account for these interdependencies, the
model includes a number of relationships built on empirical data using regression
models. The number of relationships represented in the model is limited by data
availability and the complexity of the interactions found among capital assets. The
most significant relationships considered in the model are described in Appendix
C. However, the author acknowledges that more relationships can be incorporated
in the model, provided that data is available.
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4.2.2 Data sources
The data required to estimate UK wealth and its components have been obtained
from a wide range of official sources, and are presented in detail in Appendix D.
The value of different produced capital sub-components was extracted from the
UK National Accounts and published in TheBlueBook (2014). Produced assets
in the UK include the value of fixed assets, dwellings, other buildings and struc-
tures, machinery, equipment, ICT infrastructure, biological resources, intellectual
property products and inventories.
In regard to human capital estimation, time series on historical labour income (i.e.
annual and hourly wages) were extracted from the Annual Survey of Hours and
Earnings (ASHE, 2014). Quarterly data on GDP changes and inflation rate, as
well as, annual data on employment and unemployment rates have been drawn
from ONS archives on UK key economic time series data (ONS, 2016b). Records
on UK total population and population disaggregated by age groups were taken
from the 2014-based National Population Projections reported by ONS. Data on
mortality rates by age group have been obtained from the UK National Life Tables
1980-2012. Finally, we use data on educational attainment level by age group that
we have extracted from EuroStat (2015).
In relation to natural capital, the required data for the estimation of mineral and
coal, including UK’s mineral exports in value and volumes, as well as, produc-
tion levels for each considered mineral asset and coal was provided by the British
Geological Survey Mineral Year Book. For oil & gas, we have gathered data on
market prices, production, and level of reserves from the UK OilandGasAuthority
(2016) and the Department of Energy and Climate Change (DECC, 2015). In
regard to the valuation of the assets agriculture, fishery and water supply, the fig-
ures corresponding to the output of relevant industries (i.e. mining and quarrying,
agriculture, water and fishery) together with information on operating cost, inter-
mediate consumption, compensation, taxes and subsidies, and the cost of produced
assets, were obtained from the Input-Output Supply and Use tables published by
ONS. As for timber resources, data on prices of coniferous standing wood, forest
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stocked areas, and timber volumes have been extracted from the timber statistics
and national inventory sections of the UK’s Forestry Commission (UKFC, 2015).
In order to compute the value of outdoor recreation, information about the num-
ber of people visiting the natural environment, the average duration of visits to
recreational sites and the average expenditure per visit were collected from the
Monitor of Engagement with the Natural Environment (MENE) reports (MENE,
2014). Finally, figures on GHG emissions and removals by the LULUCF sector, as
well as, data on land areas for the different land categories used in the valuation of
GHG sequestration, were obtained from the Centre for Ecology and Hydrology’s
report (Miles et al., 2014). Time series on the social price of carbon have been
drawn from DEFRA’s section on UK carbon evaluation (DEFRA, 2014).
4.3 Simulation results
We begin the analysis of UK’s natural capital and wealth changes by examining
the period 2003-2013, where estimations are based on the available data extracted
from the sources previously described. Thereafter, values at 2013 are taken as a
starting point so that we may analyse the projections of natural capital and wealth
values for the period 2015-2020 under multiple scenarios. Finally, a sensitivity
analysis is conducted to identify the most important parameters driving changes
on natural capital value over the projected period. All monetary values in this
analysis are provided in real £for 2014.
4.3.1 UK wealth composition between 2003 and 2013
Table 4.1 depicts the composition of UK’s wealth and changes in per capita value
of each of its components during the period 2003-2013. From the table, we can
observe that, by 2013, the value of UK aggregated per capita wealth was £433,781.
The largest contribution of UK wealth is the human capital component, whose
value during 2013 accounted for £286,430 (66% of total wealth). Produced capital
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follows with a registered per capita value in 2013 of £122,512 (28% of wealth).
Whereas the per capita value of natural capital, when considering the aggregates
of non-renewable, renewable and ecosystem services, was estimated at £24,839
(6% of wealth) during the same year representing by far the lowest component of
UK wealth. Although based on a partial estimation of the natural assets measured
to date, the value of natural capital is still as little as 11-time lower than human
capital and nearly five times lower than produced capital. Most of the value
of UK’s natural capital is found in ecosystem services, which accounted for a
monetary estimation of £22,601 in 2013. This is followed by non-renewable natural
capital with a value of £1,634, and renewable natural capital with the lowest value
of £665. The wealth composition exhibited by the UK is to be expected, give that
in most develop economies values of human and produced capital represent the
dominant fraction of wealth, and natural capital generally has a low share. In
developing economies, on the contrary, natural capital share can be as high as
37% of wealth (Barbier, 2014b). It is worth mentioning that over the period 2003-
2013, the population in the UK grew at an almost constant annual rate of 0.7%,
passing from 59.5 million in 2003 to 63.9 million in 2013. During the same period,
GDP per capita in this country grew at an average annual rate of 0.5% with two
specific periods of negative growth in 2008 and 2009. The analysis of changes in
value for the UK’s wealth and each of its capital components is described below.
Aggregated wealth, human capital, and produced capital
Figure 4.1 shows the trajectory followed by the aggregated value of UK’s per
capita wealth between 2003 and 2013. During the first five years of this period,
2003-2008, aggregated wealth in the UK grew at an average annual rate of 2.03%
increasing from £434,761 in 2003 to £480,068 in 2008. However, in the subsequent
five years, between 2008 and 2013, UK’s wealth declined at an average of -1.99%
annually, falling to £433,781 in 2013. Thus, net changes in per capita wealth were
positive during the first half of the period reaching a +10.4% increase, whereas a
negative net change of -9.6% was registered for the second half. When we examine
Figure 4.1, we can also observe that wealth in the UK was following an upward
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Table 4.1: UK per capita wealth between 2003 and 2013 (in £, 2014)
2003 2008 2013 % Changes % Changes
2003-08 2008-13
Produced Capital 118,933 132,131 122,512 +11.1% -7.3%
Human Capital 281,933 318,351 286,430 +12.9% -10.0%
Natural Capital 33,895 29,587 24,839 -12.7% -16.0%
Minerals 344 335 328 -2.5% -2.3%
Coal 256 262 196 +2.3% -25.3%
Oil & Gas 5,041 2,698 1,111 -41.6% -58.8%
Non renewable 5,641 3,295 1,634 -41.6% -50.4%
Timber 77 95 156 +23.2% +63.5%
Agriculture 612 534 382 -12.8% -28.5%
Water supply 103 44 46 -56.9% +3.7%
Fishery 75 78 82 +4.1% +4.9%
Renewable 867 751 665 -13.4% -11.5%
GHG sequestration 93 139 207 +49.1% +48.8%
Outdoor recreation 27,288 25,433 22,395 -6.8% -11.9%
Ecosystem Ser. 27,381 25,572 22,601 -6.6% -11.6%
Total Wealth 434,761 480,068 433,781 +10.4% -9.6%
trajectory until 2006, its highest point, after which the trajectory took a downward
trend that accelerated particularly from 2008.
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
420,000
430,000
440,000
450,000
460,000
470,000
480,000
490,000
(
£
,
2
0
1
4
)
Figure 4.1: UK per capita wealth trajectory between 2003 and 2013 (in £,
2014)
The trajectory followed by UK wealth is largely driven by the values of human and
produced capital, because they both represent the major contributors of wealth.
Table 4.2 presents the correlation values registered between the UK aggregated
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Table 4.2: Correlation matrix for UK per capita wealth, produced capital,
human capital, and GDP value between 2003 and 2013
GDP Wealth Produced Human
Capital Capital
GDP 1.00
Wealth 0.57 1.00
Prod. Cap. 0.63 0.88 1.00
Human Cap. 0.61 0.98 0.88 1.00
per capita wealth, human capital, produced capital, and GDP. The information
in the table shows that the correlation between per capita GDP and aggregated
wealth is 0.57, between GDP and human capital is 0.61, and between GDP and
produced capital is 0.63. Moreover, the correlations between wealth and values of
human and produced capital are 0.98 and 0.88 respectively. The significantly pos-
itive correlations found among these factors provide an indication of how wealth
values are positively associated to human and produced capital, and at the same
time, the value of these two are also positively associated to GDP. Therefore, the
composition of UK wealth, highly composed by its human and produced capi-
tal, determines that changes in aggregated wealth value are largely driven by the
economic performance of the country as reflected in its GDP growth. The 2008
financial crisis imposed a shock on the UK wealth trajectory. In the years prior
to the crisis, which were characterised by a stable economic growth, wealth levels
increased faster than the population, because the value of the UK’s human and
produced capital were also increasing. Nevertheless, in 2008 and thereafter, the
financial crisis severely impacted on the values of human and produced capital and
dragged down the value of total wealth to its lowest point at year 2012. These
results are in line with the study on wealth conducted by UNEP&UNU-IHDP
(2014).
The trajectories for the UK’s per capita human and produced capital between
2003 and 2013 are presented in Figures 4.2 and 4.3, respectively. Human capital
per capita in the UK experienced an average annual growth of 2.5% in the five
years period between 2003 and 2008, increasing from £281,933 at the beginning of
the period to £318,351 at the end. This significant growth, however, reverted in
the following five years declining at an average rate of -2.1% annually to a value
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Figure 4.2: UK human capital per capita values between 2003 and 2013 (in
£, 2014)
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Figure 4.3: UK produced capital per capita values between 2003 and 2013 (in
£, 2014)
of £286,430 in 2013. The downturn experienced during the financial crisis in 2008
affected the value of human capital stock as falling employment rates and shrunken
real earnings. Similarly, the stock of produced capital was significantly affected
by the crisis, manifesting as generalised reductions and cuts in infrastructure in-
vestments. As a result, the UK’s produced capital passed from experiencing an
average annual growth of 2.14% in the five years prior to the crisis, to a negative
growth of -1.50% in 2008-2013.
Natural capital
The analysis of the UK’s natural capital value is broken down into the three
different forms of natural capital (i.e. non-renewable, renewable, and ecosystem
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services). The decomposition of the analysis in different natural capita categories
allow us to appreciate the changes in the values of all the natural capital com-
ponents, which would otherwise have been masked if aggregate values were con-
sidered. Figures 4.4, 4.5 and 4.6 show the trajectories of the per capita values of
non-renewable natural capital, renewable natural capital and ecosystem services
between 2003 and 2013, respectively. Our first observation based on the figures
is that the values of all different forms of natural capital in the UK, without
exception, have followed downward trends across the evaluated period.
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Figure 4.4: UK’s non-renewable natural capital per capita value between 2003
and 2013 (in £, 2014)
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Figure 4.5: UK’s renewable natural capital per capita value between 2003 and
2013 (in £, 2014)
The value of non-renewable natural capital decreased from £5,641 in 2003 to
£1,634 in 2013, declining at an average annual rate of -11.5%. The major driver
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Figure 4.6: UK’s ecosystem services per capita values between 2003 and 2013
(in £, 2014)
for this loss is a fall in the monetary value of the UK’s oil & gas reserves. As shown
in Figure 4.7, oil & gas showed a net change in value of -£3,930 (-78% value loss)
between 2003 and 2013, being by far the largest among all non-renewable natural
capital assets. UK’s oil & gas reserves have been declining consistently over the
past two decades, nearly halving from 2,286 MM tonnes in 1999 to just 1,164 MM
tonnes in 2013. Oil & gas production has also decreased too, reducing from 137.1
MM tonnes in 1999 to 49.9MM tonnes in 2013 for oil, and from 37.5 to 15.9 billion
therms over the same period for gas. In addition, the monetary values of mineral
and coal reserves declined as well, registering a net change of -£16 (-4.7%) and -
£60 (-23%), respectively, on their per capita value between 2003 and 2013. Similar
to the case of oil & gas, the values of minerals and coal have largely been affected
by a reduction in overall levels of productions during the examined period.
In the case of UK’s renewable natural capital, its value per capita decreased from
£867 in 2003 to £665 in 2013, at an average rate of -2.5% per year. The declining
rate for renewable natural capital is over four times slower compared with that
of non-renewable natural capital. The fall in renewable natural capital value was
mainly due to the loss of per capita value of agriculture and water supply assets,
which exhibited a negative net change of -£231 (-37.6%) and -£57 (-55.3%), re-
spectively, between 2003 and 2017, as shown in Figure 4.8. In reality, the total
non-per capita value of the agricultural natural asset has been increasing slightly
over the examined period at an average annual rate of 0.5%, as the output from
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Figure 4.7: Changes in non-renewable per capita natural capital value, 2003-
2013 (£, 2014)
the Agriculture industry in the UK has incremented as well. However, the rate
of increase of the value of this particular asset has been slower than the rate of
population growth (0.7%) over the same period, resulting in decreasing per capita
values. On the other side in renewables, timber and fishery are the only natural
capital assets in all categories to have registered a net positive change in value
of £78 (+102.6%) and £7 (+9.3%) respectively. Nevertheless, the increase in per
capita value of these assets was not sufficient to overcome the losses introduced
by the other non-renewable assets.
Finally, the per capita value of ecosystem services also declined from £27,381 in
2003 to £22,601 in 2013. The average annual decline rate for ecosystem services
was -1.9%, the slowest among all of the natural capital forms. The value decline,
in this case, has been primarily driven by a significant loss in value of outdoor
recreation, which registered a net change in value of -£4,780 (-17.5%) between
2003 and 2013. This is shown in Figure 4.9. Although the other ecosystem service
of GHG sequestration registered a positive net change of £114 (+122%) over the
same period, this increase in value was too small to compensate for the losses
registered for outdoor recreation. The decline of the outdoor recreation value
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Figure 4.8: Changes in renewable per capita natural capital value, 2003-2013
(£, 2014)
is mainly associated with fluctuations in the total number of people visiting the
natural environment in the UK during the last five years. Recreational visits to
the environment were largely affected by the economic crisis and a reduction in
GDP per capita as reported in the Outdoor Recreation Economy Report (ORE,
2017). On the contrary, the increasing value of GHG sequestration is linked to the
increase of timberland resources that has resulted from an increasing afforestation
rate.
Table 4.3: Correlation matrix for UK natural capital components and GDP
per capita between 2003 and 2013
GDP Non-renewable Renewable Ecosystem
nat. cap. nat. cap. services
GDP 1.00
Non-renewable nat. cap. -0.24 1.00
Renewable nat. cap. -0.42 0.88 1.00
Ecosystem Serv. -0.09 0.98 0.82 1.00
When investigating the association between economic performance (i.e. GDP
changes) and the value of natural capital, we found that changes in natural capital
value are less related to GDP changes when compared with produced or human
capital. Table 4.3 summarises the correlation coefficients registered for the per
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Figure 4.9: Changes in per capita ecosystem services natural capital value,
2003-2013 (£, 2014)
capita values of the different forms of natural capital and per capita GDP between
2003 and 2013. The coefficients in the table indicate that the correlation between
GDP per capita and non-renewable natural capital is -0.24, with renewable nat-
ural capital at -0.42, and ecosystem services at -0.09. The negative coefficients
indicate a negative association between GDP changes and changes in value for all
forms of natural capital. Contrary to what was observed for human and produced
capital, correlations are negative in sign and lower in magnitude, signifying that
the changes in value for natural capital are less associated to changes in GDP
per capita. The shock introduced by the financial crisis in 2008 had no significant
effect on the trajectories of the natural capital components. In general, the decline
in values of the different natural capital forms in the UK has not been driven by
the specific event of the financial crisis, but rather by a progressive depletion of
natural assets (with the exception of the value of outdoor recreation).
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4.3.2 Scenario evaluation 2015-2020
Having examined the UK’s wealth composition and natural capital value between
2003 and 2013, we are now able to revise our projections for the period 2015-
2020. Although there is not rule of thumb to define the length of the projected
period, five years were considered taking as reference other analyses found in
the literature. Most works analysing changes in natural capital value, including
Dasgupta (2014) and Ollivier and Giraud (2011), consider periods of five to ten
years when it comes to tracking change in natural capital. A length of five years
can be regarded as prudential when considering limits on data availability and the
experimental condition of the existent methodologies to estimate natural capital
value. Longer periods may result in more inaccuracy in our estimations, leading
to less realistic projections.
In this section, we analyse three different scenarios built on projections and esti-
mate for each scenario the risk of decline in the aggregated per capital value of
natural capital and wealth. The value of natural capital in this part of the anal-
ysis has been considered at the aggregated level, where we combine the values of
non-renewable and renewable natural capital and ecosystem services. Market price
data for commodity assets, including mineral, coal, oil & gas, timber stumpage
price, and social price of carbon is, however, partial or still non-existent for the
whole period 2015-2020. Therefore, after 2013 possible price paths for these com-
modities have been generated randomly using Geometric Brownian Motion (GBM)
and Mean-Reverting (MR) stochastic models calibrated with historical data (see
Chapter 3 for a description of these stochastic processes). In this way, the model
captures the uncertainty associated with future price fluctuations. As for the rest
of the key variables involved in the computation of natural capital and wealth
values, the model projects their values into the future by following specifically as-
sumed growth rates that have been determined by the evaluated scenarios. Monte
Carlo simulations are performed to conduct the risk analysis on the UK’s wealth
composition and its changes over time. The number of Monte Carlo simulations
used is 5,000, defined after calibrating the model with a total of 6,000 simulations
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and after confirming that variations in the output variables are negligible. Figure
4.10 shows values for the risk of declining wealth and natural capital per capita
(the model outputs) as a function of the number of Monte Carlo runs. From the
figure, we can see that the output values in the model remain fairly constant after
2,000 simulations.
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Figure 4.10: Output variables as a function of the number of Monte Carlo
simulation runs.
The scenarios studied in the model are defined by the parameters presented in
Table 4.4. Most parameters are given by annual growth rates of the most impor-
tant variables used in the methodologies for calculating natural capital and wealth
values and macroeconomic variables that shape the trend of natural capital value.
This includes annual growth rates for GDP, population, mineral production, oil &
gas production, and industrial outputs (e.g., agriculture, fishery and water sup-
ply). In addition, the annual growth rate for afforestation and settlement area
are also considered, together with, the average number of time people visit recre-
ational places in a year. These parameters have been identified by MEA (2005)
as drivers of natural capital change as they are directly linked to the stream of
benefits produced by natural assets. Changes in the value of those parameters
directly impact the value registered by the accounts. A number of other relevant
factors, such as commodity prices, discount rates, inflation rates, or natural assets
4.3. Simulation results 85
Table 4.4: Model parameters and scenarios for 2015-2020.
Parameter Values
Scenario 1 Scenario 2 Scenario 3
GDP annual growth rate (%) +2.0 -0.15 +3.0
Population annual growth rate (%) +0.7 +0.76 +0.6
Mineral Production annual growth rate (%)
Silver +13.0 +12.7 +12.7
Chalk -7.0 -13.0 -2.3
Salt 0.0 +2.8 -2.5
Sand & Gravel -5.0 -32.0 -0.2
Lead 0.0 0.0 +45.0
Peat -7.0 -6.6 +10.0
Limestone -3.0 -7.8 +0.8
Coal -5.0 +0.2 -10.6
Oil & Gas production annual growth rate (%)
Oil -2.0 -8.0 -7.0
Gas -5.0 -9.0 -6.0
Agriculture output annual growth rate (%) +2.0 +3.8 +3.3
Fishery output annual growth rate (%) +5.0 +4.5 +4.7
Water output growth rate (%) +4.0 +3.0 +5.9
Avg. No of visits to recre. sites per person in a year∗ 55 55 55
Aforestation annual rate (ha/year) 12,000 4,200 8,600
Settlement annual rate (ha/year) 17,000 11,400 7,400
∗Note: This value is assumed to be constant in the three scenarios due to the lack of
historical data for the full period 1999-2013.
life time, could have also been included within the set of parameters for the sce-
nario analysis. Nevertheless, the number of parameters selected were limited by
the computational and time cost of conducting Montecarlo simulations and global
sensitivity analysis in the model. A particular parameter of interest that worth
studying carefully is the selection of discount rates. Discount rates can be inter-
preted as the expected rate of return on the environmental assets and its value can
be chosen from either social or market discount rates depending on the purpose
of the study. For the purpose of the our analysis, we have assumed a fixed dis-
count rate of 3.5% following the recommendation provided by the UK Treasury on
its Green Book for accounting and sustainability exercises (HMTreasury, 2003).
However, the literature seems not to agree of which discount rate is best to apply
for natural capital valuation. A comprehensive discussion on selecting discount
rates for natural capital accounting is provided by Khan and Greene (2013).
Scenario 1 is based on the average annual growth experienced by each parameter
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during the 14-year period 1999-2013, and on the projections forecasted by spe-
cialists for the period 2015-2020. This scenario can be considered as ‘most likely’
and it represents the baseline scenario in the analysis. In this particular scenario,
values for GDP and population annual growth are taken from the projections of
the IMF1 and ONS, respectively, for the period 2015-2020. The estimation of the
number of visits per person is derived from the estimations reported in the Monitor
of Engagement with the Natural Environment report during 2009-2014 (MENE,
2014). The afforestation rate and the settlement area growth rate are based on
2012 levels as reported in the DECC 2050 Pathway Analysis report, and used in
their projections to 2050 (DECC, 2010).
Scenario 2 is built on the basis of the average growth rates registered by the model
parameters over the 5-year period 2008-2013. This scenario can be considered
as ‘pessimistic’, as it represents the conditions experienced in the five years after
the financial crisis. Over this period, GDP grew at an average negative annual
rate and population growth registered at the highest among all scenarios. Many
minerals (i.e. chalk, sand and gravel, limestone), as well as oil & gas assets,
experienced significantly less production growth compared to Scenario 1, and the
outputs from fishery and water supply industries were also lower. Afforestation
rates and settlement area annual growth rates also shrank, with respect to the
14-year historical average.
Scenario 3 recreates the conditions during the five years (2002-2007) prior to the
crisis and can be considered as ‘rather optimistic’. In this scenario, average annual
GDP growth was higher and population growth was lower, compared to Scenario
1. Most mineral production rates were significantly higher than the historical
average and all the industries of interest experienced a faster growth. Despite
afforestation and settlement area growth rates were still lower than the historical
averages, their values were, nevertheless higher, compared to Scenario 2. In the
cases of silver production annual growth and the number of visits to recreational
places, the same values were assigned in all three scenarios. These values were
obtained by taking the average over the period 2008-2013, the only period for
1Based on projections on UK GDP growth done before Brexit referendum
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which data is available. A constant annual inflation rate of 1.5% is assumed in all
three scenarios, based on the last 10 years average registered by the UK consumer
price index (CPI).
Figure 4.11 shows for each scenario the probability distribution function (pdf)
and the cumulative distribution function (cdf) empirically obtained for changes in
per capita wealth and per capita natural capital. Also, Table 4.5 summarises the
statistics obtained for changes in the value of per capita wealth and per capita
natural capital. The figure and the table illustrate the risk of declining wealth and
natural capital for each scenario. Results obtained for Scenario 1 indicate that the
risk of declining per capita wealth is 0.2336, suggesting that, under this scenario,
it is over 76% likely for per capita wealth values to experience a positive change
between 2015 and 2020. The risk of declining aggregated per capita natural capital
is 0.3144, 8% higher than the risk registered for wealth, leaving a 68% likelihood
of maintaining the aggregated value of natural assets. In the case of Scenario 2,
changes in per capita wealth averaged negative and the risk of declining wealth
significantly increased to 0.7698, nearly 54% higher than the same risk in Scenario
1. The risk of declining per capita natural capital also augmented to 0.4118, about
10% more than the value registered in Scenario 1. Under the conditions imposed in
Scenario 2, an almost certain net negative change in value of per capita wealth will
result by the end of the period. On the contrary, in Scenario 3, the resulting risk
of declining per capita wealth is 0.0564, 17.7% lower than Scenario 1. In Scenario
3, it is 94% likely that positive changes in per capita wealth will occur. Moreover,
the third scenario, which is the most optimistic, is the only one reporting zero risk
of diminishing the value of natural capital. When we look at the uncertainty of
changes in the values of wealth and natural capital in Scenaros 2 and 3, we find
that Scenario 2 exhibits the lowest degree of uncertainty (£103,691 for per capita
wealth and £611 for per capita natural capital), while Scenario 3 presents the
highest (£155,214 for per capita wealth and £4,800 for per capita natural capital).
Scenario 1 lies somewhere in the middle situates in the middle (with £140,689 for
changes in wealth and £720 for changes in natural capital). It is worth mentioning
that the positive assessment results for the risk of declining natural capital value
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Table 4.5: Statistics for changes in per capita wealth and natural capital and
the risk of declining their value for the period 2015-2020.
Scenario 1 Scenario 2 Scenario 3
Mean +106,392 -66,832 +225,372
Wealth Std. Dev. 140,689 103,691 155,214
Risk 0.2336 0.7698 0.0564
Mean +341 +136 +31,345
Natural capital Std. Dev. 720 611 4,800
Risk 0.3144 0.4118 0.0000
in Scenarios 1 and 3, are due to the influence of the value of ecosystem services.
As the value of natural capital is considered at the aggregated level, the value of
ecosystem services drives the trajectory of natural capital value. The conditions
tested in Scenarios 1 and 2 favour an increase in valuation of ecosystem services,
and in particular of outdoor recreation, and in doing so, significantly reducing the
risk of declining overall natural capital. This condition, however, could mask a
loss in the value of non-renewable and renewable natural capital over the examined
period.
The projected trajectories for the values of per capita wealth and natural capital
between 2015 and 2020, for the three examined scenarios, are shown in Figure
4.12. Continuous lines in the figure represent expected values, while dotted lines
indicate the 95% confidence intervals. From the figure we can observe that, in the
case of Scenario 1, the mean value of per capita wealth exhibits a clearly ascending
trajectory, rising from £401,448 in 2015 to £507,840 in 2020. This represents an
average growth rate of 4.0% per year. The mean value of per capita natural
capital, is projected to grow from £25,243 in 2015 to £25,585 in 2020, at a slow
rate of 0.2% growth per year. In Scenario 2, on the contrary, a slightly negative
slope is registered for the expected trajectory of per capita wealth, decreasing
from £387,997 in 2015 to £321,164 in 2020 showing an average annual growth of
-3.1%. The trajectory for per capita natural capital remains fairly constant, going
from £21,522 in 2015 to £21,659 in 2020. And yet, its value across the period is
significantly lower (£3,836 in average) compared to the trajectory registered for
Scenario 1. Finally, in the case of Scenario 3, we observe that the average trajectory
for per capita wealth depicts an ascending trajectory, rising steadily from £409,908
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in 2015 to approximately £635,280 in 2020, for an annual growth rate of 7.0%.
Similarly, the expected value of per capita natural capital in this scenario exhibits
nearly twice the increase, rapidly rising from £30,073 in 2015 to £61,418 in 2020,
for an average annual growth of 12.0%. Similar to our observations for the risk
assessment, the increasing trajectories projected for per capita natural capital
in Scenarios 1 and 3 are driven by an increase in the value of ecosystem services.
However, these trajectories may mask declining trajectories for non-renewable and
renewable natural capital values.
4.3.3 Sensitivity analysis
In order to identify which model parameters are more influential over the risk
of declining per capita wealth and natural capital between 2015 and 2020, we
performed a sensitivity analysis. Global sensitivity indices as defined by Sobol
(2001) are computed by following the methodology introduced by Saltelli (2002).
Global sensitivity indices allow us to rank factors for complex nonlinear models
without having to closely examine many scatter plots; and they also allow us
to capture the combined effects of multiple factors. On the downside, global
sensitivity analysis may be computational demanding when applied to our model
given the large number of input variables found. In addition, the method faces
limitations when representing dependency among input factors. For the purpose
of the sensitivity analysis presented in this section, we assume the parameters
defining our tested scenarios are, therefore, independent. Table 4.6 presents the
sensitivity indices obtained for each model parameter and the ranges of variation
considered in each case. Negative signs are due to numerical errors in the estimates
of indices close to zero (i.e. unimportant factors).
Our analysis of the sensitive indices shows that GDP annual growth rate is the
most influential parameter in the risk of declining per capita wealth, while the rest
of the parameters are non-influential as their first-order and total indices are negli-
gible. The fact that 1−∑i Si = 0 suggests that there are few interactions between
the considered parameters. Therefore, GDP growth is clearly the highly dominant
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Table 4.6: First-order and total-effect sensitivity indices obtained for the risk
of declining per capita wealth and natural capital
Parameter Distribution RTWpc RNCpc RNCpc (ex. Eco. Serv.)
Si ST i Si ST i Si ST i
GDP annual growth rate (%) ∼ U(−1.0; +5.0) 1.00 1.30 0.05 0.07 -0.00 -0.00
Population annual growth rate (%) ∼ U(+0.4; +0.8) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Mineral production annual growth rate (%)
Silver ∼ U(+7.0; +19.0) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Chalk ∼ U(−15.0; +1.0) -0.00 0.00 -0.00 -0.00 -0.00 -0.00
Salt ∼ U(−6.0; +6.0) -0.00 -0.00 -0.00 -0.00 0.01 -0.00
Sand&gravel ∼ U(−20.0;−1.0) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Lead ∼ U(−5.0; +5.0) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Peat ∼ U(−13.0; 0.0) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Limestone ∼ U(−8.0; 0.0) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Coal ∼ U(−8.0; 0.0) -0.00 -0.00 -0.00 -0.00 0.02 -0.00
Oil & Gas production annual growth rate (%)
Oil ∼ U(−4.0;−0.1) -0.00 -0.00 -0.00 -0.00 0.13 0.03
Gas ∼ U(−10.0;−1.0) -0.00 -0.00 -0.00 -0.00 -0.00 0.02
Agriculture output growth rate (%) ∼ U(0.0; +4.0) -0.00 -0.00 -0.00 -0.00 0.83 0.83
Fishery output growth rate (%) ∼ U(+1.0; +7.0) -0.00 -0.00 -0.00 -0.00 -0.00 0.01
Water output growth rate (%) ∼ U(+1.0; +5.0) -0.00 -0.00 -0.00 -0.00 0.08 0.06
No. of visits ∼ U(45; 65) -0.00 -0.00 0.74 0.95 - -
Afforestation annual rate (ha/year) ∼ U(4, 000; 20, 000) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
Settlement area growth rate (ha/year) ∼ U(1, 000; 20, 000) -0.00 -0.00 -0.00 -0.00 -0.00 -0.00
parameter in the risk, with no significant dependencies shown of the value taken
by other parameters. This result, however, is not surprising. GDP growth di-
rectly influences the per capita values of human and produced capital that, taken
together, account for over 94% of UK total wealth. The aggregated value of nat-
ural assets completes the remaining share, and accounts for less than 6% of total
wealth, as shown in Table 4.1. The small share represented by aggregated natural
capital makes it very difficult for marginal natural asset components to have a
significant impact on the risk of declining total wealth. The risk, in this case, is
fully driven by changes in human and produced capital, which are subjected to
GDP fluctuations.
As for the risk of declining aggregated natural capital, the most influential pa-
rameters, in this case, are the average number of visits to recreational places and
GDP annual growth. The total indices in Table 4.6 also suggest that a light in-
teraction exists between these two parameters. The ecosystem service of outdoor
recreation is by far the greatest component (in monetary terms) among all of the
natural assets. Its value accounts for up to 90% of the overall natural capital
measured. This disproportion with the remainder of the natural assets eliminates
the significance of other assets components, in terms of influencing the risk of re-
ducing per capita natural capital. In estimating the value of outdoor recreation,
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the average number of visits to recreational places represents the most important
factor driving its value, and therefore, driving the risk of declining natural capi-
tal’s value at aggregate level. In addition, the influence produced by GDP growth
is due to its indirect effects on average hourly wages, which also affects the value
of outdoor recreation, resulting in the interaction with the number of visits pa-
rameter. In principle, if GDP rises at a higher growth rate, it is more likely to
result in higher average wages (and vice-versa). This context, in combination with
the average number of visits, will define variations in outdoor recreation, and thus
define variations in the risk of declining per capita natural capital. Population
growth rate, within the considered range (0.4-0.8% p.a.), does not appear to be a
determinant factor influencing either the risk of declining per capita wealth or per
capita natural capital.
In order to investigate the influence of the rest of the other natural capital forms
(i.e. non-renewable and renewable natural capital), we also performed the sensi-
tivity analysis of the parameter over the risk of declining per capita natural capital
when the value of ecosystem services is excluded from the accounts. This is shown
in the last two columns on the right in Table 4.6. In this case, we find that for the
remaining fraction of natural wealth, the rate at which the agriculture industry
output grows and the rate at which oil production declines are the most sensitive
parameters influencing risk. Between these two, the former is more relevant than
the latter. Moreover, the former seems not to depend on interactions with other
parameters while the sensitivity of the latter depends on the condition of other
parameters. The values of oil & gas assets in the UK have been dropping steadily
since first measured in 2002, and are expected to continue to drop below the value
of agricultural land as reserves reach depletion at some point between 2015 and
2020. This finding indicates that the growth rate of the output of the agricultural
industry will become more influential upon the risk than that of the oil produc-
tion rate, as levels of oil&gas reserves deplete. Other sensitive parameters are the
growth rate of the water supply industry output, the rate of declining coal produc-
tion and the growth rate of salt production. Similarly, the rate at which the water
supply industry grows is more influential on the risk than the rates of production
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of coal and salt. However, in this case, the sensitivity of the water industry growth
does depend on the value taken by other parameters, in particular, those for oil &
gas production rates.
4.4 Discussion
Natural capital accounting is becoming a fundamental part of the UK’s national
wealth accounts. The information provided by natural capital accounting systems
is important for tracking the value of natural resources over time and identifying
the major drivers of change in those values. Understanding the extent to which
those drivers can affect the risk of declining natural capital and wealth value is
also relevant. In this chapter, we have presented a description of the UK’s wealth
composition and changes in value between 2003 and 2013, with a special focus on
the study of its natural capital. We also introduced a stochastic model in order
to estimate the risk of experiencing negative changes in per capita wealth and per
capita natural capital under different scenarios projected over the period 2015-
2020. Our emphasis was the study of the condition of UK natural capital assets
grouped into renewable, non-renewables and ecosystem services, and to analyse
the most important factors affecting the value of these assets.
Results from this analysis showed that the wealth composition of the UK by 2013
was primarily given by its human (65%) and produced capital (28%), while the
share of natural capital, when aggregated together, represented only a minimal
fraction (6%). This wealth composition is consistent with the proportions of wealth
share estimated for the UK in the Inclusive Wealth Report (UNEP&UNU-IHDP,
2014). The large contribution of human and produced capital entails that changes
in wealth value are greatly subjected to the economic performance of the country
as reflected in its GDP changes. The analysis here found that GDP per capita
is significantly and positively associated with the per capita values of human and
produced capital due to the influence of the economy on factors such as employ-
ment rates, average earning and investment levels in infrastructure. Since these
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two capital forms, when considered together, hold more than 94% of total wealth,
any changes in their value drive changes in the aggregated value of wealth. There-
fore, economic shocks introduced in the form of financial crisis, e.g., the 2008
financial crisis, can reverse trends followed by wealth values. The great influence
that GDP changes have on wealth trajectories was confirmed in the sensitivity
analysis conducted for the projected period 2015-2020, where it GDP appeared
to be the most dominant factor influencing the risk of declining wealth per capita
without any dependency on other factors.
With regard to the UK’s natural capital, results showed that the large majority
of the natural capital value in the country is found in the group of ecosystem
services, followed by non-renewable natural capital, and renewable natural capital.
For all of the natural capital forms (i.e., non-renewable and renewable natural
capital, and ecosystem services), without exception, the aggregate per capita value
decreased between 2003 and 2013. Yet, the rate of decline was faster in particular
for non-renewable natural capital. On the contrary, the value of ecosystem services
experienced the slowest decline rate. The only natural assets that experienced
positive net changes in value are the non-renewable asset of timber resources and
the ecosystem service of GHG sequestration. Unlike human and produce capital,
changes in the value of the different natural capital forms are less associated with
GDP variations. Negative and smaller correlation coefficients were found between
GDP and natural capital values, indicating that financial shock events are less
likely to affect natural capital trajectories as compared with human or produced
capital. At the aggregated level, the loss of natural capital value has been more
significantly driven by a progressive depletion or degradation of natural assets,
but not by the specific effects of the 2008 financial crisis. For instance, the loss of
outdoor recreation and non-renewable natural capital, the two major components
of overall natural capital value, were mainly driven by a reduction in the number
of people visiting recreational sites and depleting oil & gas reserves, respectively.
The value of renewable natural capital was observed to decline as a whole over the
period 2003-2013 driven primarily by a slow positive or negative growth of water
and agriculture industries. Although it may be argued that the financial crisis may
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have influenced industrial outputs (see e.g., Campello et al. (2010)), a drastic GDP
drop was not among the most significant drivers of change for aggregated natural
capital, during the period 2003-2013, due to the low share hold by renewable and
the low correlation existing between changes in GDP and changes in the industry
outputs.
In relation to the rapid decline of non-renewable natural capital, the particular
situation for the UK is that it is currently too late to revert its declining trend as
oil and gas reserves in the country are close to reach full depletion. The declining
rate may actually accelerate in coming years, provided that no significant new
oil or gas fields are discovered. In general, the value of non-renewable natural
assets are prone to decline in the long run as assets are extracted or consumed.
Nevertheless, approaches can be developed to maintain the value of this assets
over time. For instance, as will be seen in Chapter 6, investment instruments in
the form of funds can be implemented to transform the value of non-renewable
natural capital into a financial capital form that can be preserved for the future.
This approach could be used in the UK, for example to maintain the value of shale
gas and oil if these resources are exploited in the future.
The sensitivity analysis conducted for natural capital value projections over the
period 2015-2020 also confirmed that GDP growth is not the most determinant
factor influencing the risk of declining aggregate natural capital values, as it was
for aggregated wealth. Future trajectories of natural capital value, when consid-
ering all of the natural capital forms aggregated, are mainly driven by the value of
ecosystem services and outdoor recreation in particular. The relevant parameter,
in this case, is the number of people visiting recreational sites. If this number
increases in the coming years, we can expect to see an increase in the aggregated
value of natural capital per capita as projected in some of the scenarios examined.
Nevertheless, an apparent overall increase of natural capital value due to such cir-
cumstances may mask declining trends for renewable and non-renewable natural
capital forms. At the disaggregated level, and when ecosystem services were ex-
cluded from the analysis, results indicated that factors from non-renewable natural
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capital including oil & gas production, as well as, coal production were determi-
nant drivers of natural capital value change over the period 2003-2013. However,
results from the sensitivity analysis conducted on future projections found that as
oil & gas reserves deplete and coal production slow over the next years, factors
from non-renewable natural capital such as agriculture and water supply industry
outputs will overtake in relevance to influence the risk of lowering the value of nat-
ural capital between 2015 and 2020. With the increasing relevance of renewable
natural capital forms in coming years, GDP growth may become a more relevant
factor driving natural capital trends in the future. However, the extend to which
GDP may be a relevant driver of renewable natural capital trajectories will depend
on its ability to influence the output of the water and the agriculture industries.
This finding highlights an indication that, in the strategy adopted in the com-
ing years for recovering the value of natural capital in the UK, great importance
will need to be given to maintaining the value of non-renewable natural capital
forms. Particular focus should be paid in identifying the drivers that influence the
performance of the agriculture and water industries in this country.
The model used to estimate the values of UK wealth and natural capital is sub-
jected to a number of limitations. First, the model is based on the approaches
adopted by UK authorities to measure and account for the value of human, pro-
duced, and natural capital. Therefore, the model presented in this work involves
a large number of assumptions and limitations associated with each individual
methodology. In addition, the condition and value of capital assets, and in par-
ticular those of natural capital assets, depend on the condition of other capital
assets. Each natural capital asset is not an independent unit whose value is unre-
lated to the value of other capital components, but rather they are the result of a
complex network of relationships. However, it is noteworthy that the number of
empirical relationships included in the model is limited due to lack of data avail-
ability. Moreover, the analysis here conducted is based on a partial estimation of
UK natural capital, which include only a subset of the natural capital that author-
ities in this country have thus far been able to quantify. Several other elements
of nature, such as the value of biodiversity, natural aesthetic or ecosystems, have
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been neglected also due to insufficient empirical data or lack of valuation mecha-
nisms. Other parameters affecting the risk of declining natural capital or wealth,
such as commodity price fluctuations, changes in the inflation rate, natural assets
discount rates, average duration of visits to recreational sites, can also be investi-
gated further. The analysis presented in this chapter, however, constitutes a first
attempt to study the major factors influencing the risk of declining per capita
natural capital, based on the available data and information while this research
was being conducted.
5
Performance of investments in natural assets
I
nvestments in natural capital, in the form of green investments, are gaining
increasing attention among governments and private investors seeking to de-
liver green economies and support the recovery of natural capital. However,
despite growing interest in green investments, institutional investors’ direct alloca-
tions in green assets remain low (Della-Croce et al., 2011). According to Scholtens
(2011), some of the main barriers preventing institutional investors from dedicat-
ing major investments into green or natural assets include lack of performance
information, credible standards, little transparency, and low financial incentives.
Whereas the incentives for investors to dedicate allocations in green assets can
range widely from ethical considerations, image and reputation, response to legal
and regulatory constraints, or ultimately the search for risk mitigation and higher
financial returns. Nevertheless, green investments have traditionally been per-
ceived by many investors as relatively poor performers (Lewis, 2001). If, however,
institutional investors are to consider major green investments, it is fundamental
that we determine whether the financial performance of green assets is verifiably
advantageous.
The present chapter examines the performance of green investments that benefits
the value of natural capital. Although there is no standard definition of green
investments, for the purposes of the analysis in this chapter, we use this term
to refer to allocations in low carbon and climate resilient initiatives, clean tech-
nologies, renewable energy, or natural assets that can be considered beneficial to
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recover the value of natural capital. In this sense, we group green investments
into two broad categories: non-real green assets (or indirect investments in natu-
ral assets) and real green assets (or direct investments in natural assets). Indirect
investments in natural assets refer to the acquisition of intangible non-physical
assets, such as shares publicly traded in listed markets from companies whose un-
derlying businesses and profits derived from operations aimed at improving natural
capital. Non-real green assets includes companies developing alternative energy
technologies, timberland, agriculture, and green bonds. On the other hand, di-
rect investments in natural capital, encompass the acquisition and management of
real physical natural assets, represented for instance, by timberland and farmland
properties. The aim of this chapter is to investigate, from a private investor point
of view, which form of private green investments may result more attractive and
convenient based on their associated financial benefits and risks.
Private investments correspond to capital investments done mainly by institu-
tional investors such as pension funds, hedge funds, or mutual funds, as well as
wealthy individuals. Traditionally, large institutional investors have not held ma-
jor investments in natural capital assets, and it is only in recent years that this
asset class is becoming more prevalent in institutional portfolios. Andonov et al.
(2012) show that during the decades 1990-2010, about 80% of major investment
funds held investments in traditional assets such as real estate, equities, or bonds;
while less than 1% of these funds held any investments in natural assets by 2000.
Nevertheless, this percentage increased to 32% by the end of their sample in 2010.
Moreover, the percentage of allocations institutional investors devote to these as-
sets remains minor too. While most investors load their portfolios with 60-80%
in equities and bonds or 0-6% in real estate, allocations in natural assets are typ-
ically < 1%. One motivation of our work is to show that investing in natural
capital assets can be attractive for investors; and thus, that they can push greater
allocations into this asset class.
In this chapter we investigate the following aspects of performance of indirect and
direct investments in natural capital assets: (i) their risk-return characteristic, (ii)
their down-side risk, (iii) their correlation with traditional assets such as public
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equities, government bonds, real estate, and not so traditional ones such as infras-
tructure assets, (iv) their diversification benefits resulting from adding them into
a portfolio composed of equities, bonds, real estate and infrastructure, (v) their
ability to hedge inflation, and (vi) their exposure to shocks in the stock markets
liquidity. Our analysis is conducted over the period 2000-2016. Although the
length and frequency of the data involved differ for direct and indirect natural
asset investments due to limitations in the data availability for each type of in-
vestment. We also provide a discussion on the lack of liquidity and high cost of
trading associated with natural asset investments.
Results show that private investor seeking to invest in natural capital should hold
direct investments in real natural capital assets, rather than indirect investments in
non-real ones. The diversification benefits, higher expected returns, lower volatil-
ities, and a positive valuation of alphas and betas exhibited by real natural assets
contrast with the lower expected returns, higher volatility, lower alphas and betas
performance, and poor diversification potential of non-real ones. In addition, we
illustrate how green natural assets, in general, can provide hedging against infla-
tion. Despite the significant benefits of direct investment in real natural capital
assets, we also show that the critical aspects of lack of liquidity and high trading
cost may still limit institutional and individual investors with shorter investment
horizons from investing in natural assets. Thus, demonstrating that such invest-
ments demand investors with a longer horizon and greater capital to be able to
reach their financial benefits. Later in the next chapter, we study a newly emerg-
ing investment mechanism that can be used not only to manage non-renewable
natural capital but also to prompt major investments into real natural capital
assets supporting the preservation of overall natural wealth in the long-run.
5.1 Literature review on green investments
The study of the relationship between green investments and portfolio perfor-
mance has been broadly addressed in the literature over the past two decades.
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Diltz (1995), for instance, examines returns of twenty-eight stock portfolios over
the period January 1989-December 1991 to determine the impact of ethical invest-
ments on portfolio performance. Findings reveal that environmental performance
can enhance portfolio performance. Cohen et al. (1997) study the performance
of high polluter and low polluter portfolios, finding that green investments nei-
ther improve or lessen portfolio performance. Konar and Cohen [2001] look at the
relationship between firms green reputation and valuation in the market place,
revealing that good environmental performance is positively correlated with the
intangible asset value of a firm. Derwall et al. (2005) examine the performance of
portfolios constructed based on eco-friendly scores between 1995 and 2003 and find
that stock portfolios with high ’green scores outperform those with lower scores.
On the contrary, Olsson (2007) who also study the performance of stock portfolios
built with different degrees of environmental risk, reports that no significant asso-
ciation is found between green investments and returns. In a more recent study,
Eichholtz et al. (2012) find no significant relationship between greening an invest-
ment portfolio and improving overall returns when examining the performance
of US REITs. The authors, however, find that portfolios with a higher fraction
of green investments display lower market betas. Nevertheless, Chan and Walter
(2014) report that positive and statistically significant excess returns are exhib-
ited by green stock investments when compared with non-green benchmarks after
evaluating the return of 748 green stock listed in US markets. In contrast, Silva
and Cortez (2016) study the performance of US and European green funds finding
that green funds tend to underperform their benchmarks, particularly during non-
crisis periods. Finally, in a very recent work Miroshnychenko et al. (2017) examine
the relationship between green investment adoption and financial performance of
listed companies. Their results indicate that adopting green strategies tend to
produce negative impacts on the financial performance of companies.
A review of the green investment literature reveals a lack of consensus when assess-
ing the benefits of investing in green assets for financial portfolios. The inconclusive
evidence on the relationship between green investments and financial performance
has often discouraged investors from taking green approaches to investing. In this
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regard, this thesis contributes to the literature in providing guidelines on what
type of green investments investor should focus on to enhance their financial per-
formance and define beneficial green approaches. The innovation in the analysis
presented in this chapter is to assess the financial performance of a set of specific
green instruments, grouped into real and non-real, and quantitatively measure the
effect of having these instruments included in traditional investment portfolios.
Our findings provide a clear indication on that real green assets, in particular,
may represent a credible alternative to adopting green investments among insti-
tutional investors.
5.2 Data description
In this section, we provide a description of the data and their sources considered to
evaluate investments in natural capital and compare their performance with invest-
ments in traditional assets. In order to represent investments in natural capital, a
group of financial indexes listing companies traded in international markets were
use to proxi the performance of these investments over time. The considered in-
dexes were selected to represent environmental beneficial investments that can be
linked to the natural capital categories introduced in the previous chapter. Invest-
ments in natural assets are distinguished between two types: indirect investments
in green assets, which we refer to as non-real green assets in the rest of our analysis;
and direct investments in natural assets referred as real green assets. This distinc-
tion results from each form of investment presenting different characteristics and
performance profile. The first type of investments, that is in non-real green assets,
consider investments in publicly traded timberland, farmland, green bonds, and
renewable infrastructure, and they involve share acquisition in companies whose
businesses develop around these assets. The second type, real green asset invest-
ments, consider direct allocations in private timberland and farmland properties
in which the investor directly owns the physical assets. Finally, among traditional
assets, we consider global public equities, government bonds, real estate, and in-
frastructure. For each investment, we use return data obtained from financial
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indexes that are broadly accepted to represent the performance of a particular
asset class.
The data time series for the evaluation of non-real green assets consist on monthly
returns extending over the 8-year period from November 2008 to November 2016;
while the data for real green assets are given by quarterly returns over the 16-
year period from March 2000 to March 2016. The choice of the evaluation period
in each case was defined based on data availability while trying to consider as
many data sample as possible. Therefore, the differences in the data series are
due to variations in the time period and frequency for which data was available
for each of the examined asset classes. In the case of non-real green assets, for
instance, data on returns were available from 2008. Hence, only returns after
this year were considered. Moreover, monthly observations were preferred in this
case in order to increase the number of observation points. As for real green
assets, the only return data available is reported in quarterly basis. Thereafter,
quarterly samples were preferred in this case. Typical investment horizons for real
natural assets (e.g., timber and farmland) range from 10 to 15 years (Phillips,
2016; Grene, 2014). Therefore, in order to cover this length, a time series of 16
years has been used in our analysis. Despite these differences in data availability,
our main analysis is all conducted over the time span 2000-2016. Below we provide
a detailed description of the data for each asset class. It worth mentioning that
the performance of returns observed over the considered period does not provide
guarantee of similar performance over other periods of time. Therefore, the results
derived from our analysis will be limited to the considered time span. In order
to extend the generalization of the results here obtained, it is recommended to
conduct similar analysis in the future when new return data is produced.
5.2.1 Non-real green assets
We consider four types of non-real green assets to represent indirect investments in
natural capital, namely: public timberland, public farmland, green bonds, and re-
newable infrastructure. These assets represent publicly traded equity investments
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to which any investor can access.
In the case of non-real timberland, the index used to capture its performance is
the S&P Global Timber & Forestry Index, for which monthly time series are taken
from the S&P Dow Jones Indices website (SPIndices, 2016). This index reflexes
the performance of the 25 global largest publicly traded companies engaged in
the ownership, management, and supply chain of forest and timber products and
operations. This includes forest product companies, timber REIT’s, paper prod-
ucts companies, or paper packaging companies listed in developed stock markets
around the world. Companies listed in this index are responsible for the man-
agement of forest resources and their upstream supply chain. The index only
considers stocks traded in developed market exchanges where strict regulations
and certifications are in place to secure a sustainable management of the timber
resources. Therefore, this index has been linked to the renewable natural capital
category timberland as introduced in Chapter 4. The index can be also associated
to the ecosystem service of GHG sequestration, as forest are directly related to
their capacity of capturing CO2 from the environment.
As for non-real farmland, the index used is the S&P GSCI Agriculture Index
which reflexes the performance of publicly available investments in global agricul-
tural commodity markets. This index is built considering contracts and average
reference prices for the commodities of wheat, corn, soybeans, coffee, sugar, cocoa,
and cotton (SPGlobal, 2016). Companies listed in this index are responsible for
owning and managing agricultural farms and products including their production
and upstream supply chain. Therefore, the index has been associated with the
natural capital category Farmland introduced the previous chapter. In addition,
since farm processes involve a significant amount of carbon emissions, the index
can be also linked to the ecosystem service of GHG sequestration.
Regarding green bonds, the index used for these investments is the S&P Green
Bond Index. This index is designed to track the global green bond market that
trades those bonds whose proceeds are used to finance environmentally friendly
projects. Bonds included in the index are issued by multilateral, governments and
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corporations from a pull of over 1,570 constituents that must be flagged as ‘green’
by the Climate Bond Initiative (CBI), and possess a maturity no shorter than a
month. Green bonds are issued to finance environmental friendly projects that can
vary a lot in nature, being the most prominent related to renewable energy, energy
efficiency, low carbon transport, sustainable water systems, reduced pollution, and
sustainable agriculture and forestry projects (Olsen-Rong et al., 2015). Given the
wide diversity of the projects, green bonds can, therefore, be associated to the
benefit of multiple forms of natural capital including renewable timber, agriculture,
water supply or fishery, an ecosystems services such as carbon sequestration, clean
air provisioning, and land use efficiency.
Finally, investments in renewable infrastructure are proxied using the FTSE ET50
Index that measures the performance of the 50 largest companies globally whose
core business is in the development and deployment of environmental technolo-
gies and infrastructure. This includes renewable and alternative energy, energy
efficiency, water technology and infrastructure, waste management, pollution con-
trol, environmental support services, and food provisioning (FTSEIndex, 2016).
Similar to the case of green bonds, this index covers a broad range of green assets.
Thus, deriving in benefits to multiple forms of natural capital and ecosystems
services, such as clean air, carbon sequestration, sustainable water management,
agriculture provisioning, and forest products. Figure summarizes the association
of each index with the natural capital categories presented in Chapter 4.
Figure 5.1: Relationship between indexes and natural capital categories
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5.2.2 Real green assets
Direct investments in real green assets consider private investments in timberland
and farmland. Other investments such as unlisted green infrastructure, could have
been considered too. However, when it comes to available data for real green assets,
there are little choices. No data for unlisted green infrastructure was available, and
there are only two relevant indexes available for private timberland and farmland:
The Timberland Performance Index and the National Council of Real Estate In-
vestment Fiduciaries (NCREIF) Timberland and Farmland Property Index. From
these, we have chosen the latest to represent private investments in timberland and
farmland, since they are the most widely adopted in the literature and they are
widely accepted as a proxy for these investments. The NCREIF Timberland Index
measure the investment performance of a large pool of private timber properties
acquired in four different areas in the US. Only timberland properties that are at
least 80% directly owned (i.e. no more than 20% leased) are included, and the
properties must be managed in a fiduciary manner for the owners who may be
tax-exempt institutions or taxable investors. Timber properties are usually man-
aged by Timber Investment Management Organizations (TIMO’s) on behalf of
investors. TIMO’s require to gain a certification of sustainable forest management
in order to offer their properties in the market. Therefore, this index has been
associated with the natural capital category Timberland and GHG sequestration
as shown in Figure 5.1.
Similarly, the NCREIF Farmland Index captures the performance of a large pool of
individual farmland properties traded in the US private market across twelve dif-
ferent regions. The agricultural properties include permanent, row, and vegetable
croplands. Likewise, farmland properties are managed by Investment Trusts on
behalf of investors and they require sustainability certificates granted by inter-
national organizations in order to trade their products in the market. Thus, a
sustainable management of the properties is assumed and the index has been
linked to the benefit of the natural capital category farmland. Quarterly returns
on the timberland and farmland indexes are published by the NCREIF based on
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the appraisal of income and return appreciation on the timber and farmland prop-
erties managed by TIMO’s. Thus, for these indexes, we consider quarterly time
series over the 16-year period March 2000 - March 2016.
5.2.3 Traditional assets: equities, bonds, real estate, and
infrastructure
Traditional assets in our analysis are represented by publicly traded global equi-
ties, government bonds, real estate, and infrastructure. In the case of equities,
we consider the specific equity markets in the US, Europe, and Japan, whose per-
formance are reflected in the S&P 500, the Stoxx Euro 600, and the Nikkei 225
indexes respectively. For each of these indexes, both monthly and quarterly price
time series were collected over the period starting in March 2000 and ending in
March 2016, extracted from Thomson Reuters database. Regarding investments in
government bonds, we consider bonds issued by the governments of the US, Ger-
many, and Japan whose performance are captured by the S&P US Treasury Bonds,
S&P Germany Sovereign Bond, and the S&P Japanese Government Bond index,
respectively. Likewise, for the bond indexes, we collect monthly and quarterly re-
turn data from March 2000 to March 2016 from Thomson Reuters database. Real
estate investments consider the real estate markets in the US, UK, and Europe
(ex. the UK) for which the Thomson Reuters US, UK, and Euro Real Estate Index
are used as a proxy, respectively. Infrastructure investments include investments
in telecommunication, transport, energy and utility infrastructure. The indexes
used in these cases are the Thomson Reuters Global Telecommunications, Trans-
port, Energy, and Utility index, which capture the performance of investments in
companies shares specialized in telecommunications, transport, energy, and util-
ity industry, respectively. Finally, our proxy used for a risk-free asset is the US
Treasury bills.
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5.3 Investment performance
5.3.1 Performance of non-real green assets
Average returns, volatility, Sharpe ratio and diversification potential
Table 5.1 presents the basic descriptive statistics of the investment performance
for non-real green assets during the period December 2008 - November 2016. Over
this eight-year period, the annualized mean return across asset classes varies from
0.53% for agriculture to 11.75% for US real estate, as captured by the S&P GSCI
agriculture index and the Thompson Reuter US real estate index respectively. Us-
ing monthly returns, the most volatile asset class is European real estate with a
monthly volatility of 6.46%, while the least volatile assets are government bonds,
and in particular the Japanese government bond with a monthly volatility of
0.41%. Next, we compute the monthly Sharpe ratio (i.e. the ratio of the mean
monthly return divided by the monthly volatility). The Sharpe ratio is found to
range from -82.72 for Japanese government bonds to 9.16 for the S&P 500 In-
dex. The maximum draw down that measures the maximum cumulative loss from
a peak to a trough of an investment ranges from 1.72% for Japanese bonds to
69.83% for agriculture.
Table 5.1: Performance of historical returns for non-real assets, December
2008 - November 2016
Monthly Annualized Volatility of Sharpe Max.
return return monthly returns Ratio Draw down
(%) (%) (%) (%)
Equity
S&P 500 0.88 10.58 4.05 9.16 20.60
STOXX Euro 600 0.49 5.93 4.04 -0.41 23.63
Nikkei 225 0.67 8.08 5.57 2.93 27.88
Gov. Bonds
US Treasury 0.20 2.44 0.92 -33.33 3.82
Germany Gov. 0.30 3.62 0.99 -21.13 4.40
Japan Gov. 0.17 2.05 0.41 -82.72 1.72
Infrastructure
Telecom. 0.22 2.66 3.68 -7.86 16.85
Transport 0.76 9.17 4.93 5.14 23.16
Energy 0.06 0.68 5.75 -7.89 63.26
Utilities 0.06 0.72 3.61 -12.47 18.43
Real Estate
US 0.98 11.75 6.13 7.65 36.04
UK 0.45 5.45 6.02 -0.93 38.10
EU 0.63 7.58 6.46 1.88 34.86
Green Assets
Timber 0.55 6.56 6.35 0.57 38.56
Agriculture 0.04 0.53 6.84 -6.81 69.83
Green Bonds 0.27 3.29 2.64 -8.96 14.17
Renew. Energy 0.27 3.21 5.99 -4.06 48.10
5.3. Investment performance 110
When comparing the basic statistics among asset classes, it is found that non-
real green assets, in general, tend to be among the assets exhibiting some of
the lowest mean returns (only outperforming most of the listed infrastructure)
and higher volatility. Agriculture, in particular, underperforms most asset classes
presenting a low annual mean return of 0.53% and a relatively high volatility of
6.84%. In the case of green bonds, this asset class registers a relatively low average
monthly return of 0.27%, with a moderate volatility of 2.64%. While renewable
energy exhibits a similarly low average monthly return of 0.27%, with a larger
volatility of 5.99%. In consequence, these three non-real green assets register
negative Sharpe ratios of -6.81, -8.96, and -4.06 respectively. Among non-real
green assets, timberland is the one presenting the largest mean monthly return
with 0.55%; yet this asset class also registers the highest monthly volatility with
6.35% which provides it with a low positive Sharpe ratio of 0.57. In contrast,
government bonds instruments stand the assets with the lowest volatility, ranging
from 0.41% for Japanese government bonds to 0.99% for the Germany government
bonds. These assets, at the same time, show some of the lowest average returns,
varying from 0.17% in the case of Japanese bonds to 0.30% for German government
bonds. Bonds instruments traditionally represent the bottom asset class for risky
investors, since they tend to offer low volatility but limited returns too. Therefore,
they are perceived as a secure alternative with low financial benefits. Regarding
infrastructure assets, finding are mixed. While transport infrastructure excels as
one of the best performing assets with a mean monthly return of 0.76% and a
volatility of just 4.93%, assets such as telecommunication, energy and utilities
infrastructure perform poorly with average monthly returns of 0.22%, 0.06% and
0.06%, and standard deviations of 3.68%, 5.75% and 3.61% respectively. Other
assets with excelling performance include the S&P 500 with an average return of
0.88% per month and volatility of 4.05%, and the US real estate registering an
average return of 0.98% with a volatility of 6.13%.
Figure 5.2 shows the cumulative investment performance of £1 investment at the
beginning of the examined period (i.e. December 2008) all the way through the
end of the period in November 2016. From the figure, we can see that values
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at the end of the period range from £0.83 for non-real agriculture to £2.15 for
S&P 500 index. The ending value for the £1 investment in other non-real green
assets is £1.39 for timberland, £1.25 for green bonds, and £1.09 for renewable
energy. In comparison, the ending value for US, EU, and UK real estate are
£2.13, £1.29, and £1.50 respectively; for telecommunication, transport, energy,
and utility infrastructure are £1.16, £1.85, £0.90 and £0.99 respectively; and
for the US, Germany and Japan government bonds are £1.21, £1.33, and £1.18
respectively. The figure also shows the downside risk exhibited by the different
assets. Significant losses are observed in particular in the last months of 2008 (i.e.
during the 2008 financial crisis) and during the second half of 2011 (i.e. the stock
markets fall registered as a consequence of the European sovereign debt crisis).
With the exception of government bonds, the rest of the asset classes registered a
significant drop. However, some of the most severe falls were registers among the
green assets including agriculture (69.8%), renewable energy (48.1%) and timber
(38.6%) as evidenced in the last column in Table 5.1.
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Figure 5.2: Cumulative investment performance of an initial £1 investment,
2008-2016)
Table 5.2 reports the correlation of the monthly returns for non-real green assets
and the rest of traditional assets between November 2008 and November 2016. All
non-real green assets present high positive correlation with the majority of equity
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indexes, infrastructure, and real estate. The exception is found in the correlation
with government bonds, which is low positive to negative in all the cases. However,
these lower correlations seem to be more a property of the bonds instruments since
they also present a low positive to negative correlation with the rest of the asset
classes. Among the non-real green assets, agriculture stands the one exhibiting the
lowest correlations, presenting a correlation of 1% with the Nikkei 225 (compared
with 58% for timber, 31% for green bonds, and 55% for renewable energy), 18%
with UK real estate (compared with 66% for timber, 49% for green bonds, and 57%
for renewable energy), and 20% with the Stoxx Euro 600 (compared with 81% for
timber, 43% for green bonds, and 70% for renewable energy). Nevertheless, non-
real agriculture still registers significantly higher correlations with the remaining
assets examined. The high levels of correlation found among non-real green assets
suggest that the diversification potential of these assets is not very strong, resulting
less attractive for potential investors.
Table 5.2: Correlation of monthly returns, 2008-2016
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S&P 500 1.00
Stoxx Euro 600 0.80 1.00
Nikkei 225 0.63 0.65 1.00
US T-bonds -0.20 -0.30 -0.37 1.00
Ger. Gov. Bonds -0.33 -0.22 -0.34 0.70 1.00
Jap. Gov. Bonds -0.12 -0.26 -0.33 0.50 0.43 1.00
Infra. Telecom. 0.79 0.62 0.48 0.05 -0.19 0.15 1.00
Infra. Transport 0.81 0.68 0.47 -0.02 -0.25 0.01 0.85 1.00
Infra. Energy 0.79 0.65 0.43 -0.31 -0.43 -0.14 0.70 0.75 1.00
Infra. Utilities 0.73 0.57 0.41 0.08 -0.13 0.23 0.82 0.81 0.64 1.00
US Real estate 0.79 0.67 0.45 0.06 -0.03 0.07 0.65 0.70 0.54 0.72 1.00
UK Real estate 0.67 0.70 0.49 -0.05 -0.13 -0.12 0.55 0.61 0.39 0.52 0.73 1.00
EU Real estate 0.71 0.63 0.39 0.01 -0.19 0.07 0.75 0.85 0.62 0.71 0.68 0.67 1.00
Timber 0.85 0.81 0.58 -0.21 -0.32 -0.13 0.67 0.77 0.71 0.66 0.79 0.66 0.67 1.00
Agriculture 0.36 0.20 0.01 0.01 -0.24 0.08 0.38 0.42 0.46 0.34 0.32 0.18 0.41 0.36 1.00
Green bonds 0.69 0.43 0.31 0.16 -0.18 0.14 0.75 0.78 0.69 0.69 0.63 0.49 0.78 0.60 0.55 1.00
Renew. Energy 0.83 0.70 0.55 -0.28 -0.40 -0.10 0.69 0.80 0.75 0.64 0.68 0.57 0.73 0.84 0.37 0.66 1.00
Alphas and betas of non-real green assets relative to equities, bonds,
and infrastructure
Alphas and betas are estimated by regressing the monthly excess returns in a par-
ticular non-real green asset on the monthly excess returns on public equities, gov-
ernment bonds, infrastructure, and real estate assets. Excess returns are computed
by subtracting the actual return register by an asset class on the monthly return
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of a risk-free asset (i.e. US treasury bills). Alphas and betas allow comparing the
returns of the respective non-real green asset to the returns of a benchmark asset,
and they are commonly used by investors to support their investment decisions.
The alpha is the regression coefficient in the regression constant. A positive alpha
means that the examined asset class outperforms the benchmark asset, suggesting
that an investor would be able to improve the performance of his investments by
including this asset in a portfolio. The beta, on the other side, is the regression
coefficient in the regression slope. A beta close to one means that the examined
asset move the same as the benchmark asset, while a beta lower than one indicates
that the examined asset presents a lower volatility compared to the benchmark. A
beta greater than one, therefore, suggests that an investor would expect to register
a higher volatility if the asset is included in his portfolio. Therefore, attractive
assets for an investor will present high positive alphas and betas below one.
Tables 5.3 and 5.4, respectively, present the regression results for alpha and beta
values on the non-real green assets considered. We find that the non-real green
assets present negative alphas with the majority of the benchmark assets con-
sisting of public equities, government bonds, infrastructure, and real estate. As
the p-values in parentheses indicate, green bonds have negative alphas with S&P
500 (-4.8% p.a., = 12 × −0.004), transport infrastructure (-3.6% p.a.), and US
real estate (-4.8% p.a.) that are statistically significant at 5% or 10%. Likewise,
renewable energy infrastructure presents a statistically significant negative alpha
with the S&P 500 at 5%. For the rest of the assets, no statistical significance
was found, suggesting that it is inconclusive to tell whether non-real green assets
underperform the benchmarks. Yet, the tendency in most cases is to take negative
alphas. When looking at the beta values in Table 5.4, we observe on the other
hand that the majority of the beta estimates are statistically significant at 1% or
5%. The majority of non-real green assets have beta values below 1 relative to
the benchmarks, suggesting that in most cases these assets present lower volatil-
ity than the corresponding benchmark. Timberland and renewable infrastructure,
however, exhibit betas greater than one when compared to the S&P 500 (1.303 and
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1.216 respectively), the Stoxx Euro 600 (1.216 and 1.012 respectively), telecom-
munication infrastructure (1.13 and 1.12 respectively), and utilities infrastructure
(1.13 and 1.05 respectively). In these particular cases, timberland and renewable
infrastructure assets present greater volatility than the corresponding benchmarks.
Table 5.3: Alpha estimates for non-real green assets, 2008-2016
Timber Agriculture Green Bonds Renewable Infra.
S&P 500 -0.004 -0.007 -0.004** -0.007**
(0.202) (0.297) (0.039) (0.046)
Stoxx Euro 600 0.001 -0.005 -0.002 -0.002
(0.886) (0.506) (0.338) (0.609)
Nikkei 225 -0.001 -0.005 -0.003 -0.003
(0.896) (0.506) (0.303) (0.513)
US T-Bonds -0.003 -0.004 -0.001 -0.006
(0.676) (0.552) (0.713) (0.357)
Ger. Sov. Bonds -0.002 -0.007 -0.003 -0.005
(0.701) (0.336) (0.315) (0.362)
Jap. Gov. Bonds -0.002 -0.003 -0.001 -0.003
(0.817) (0.712) (0.841) (0.694)
Infra. Telecom 0.004 -0.003 -0.001 0.001
(0.458) (0.686) (0.645) (0.859)
Infra. Transport -0.002 -0.006 -0.003** -0.005
(0.611) (0.344) (0.048) (0.189)
Infra. Energy 0.004 -0.002 -0.001 0.001
(0.406) (0.727) (0.633) (0.786)
Infra. Utilities 0.005 -0.002 0.000 0.002
(0.276) (0.785) (0.960) (0.631)
US Real Estate -0.003 -0.006 -0.004* -0.006
(0.396) (0.351) (0.088) (0.225)
UK Real Estate 0.001 -0.005 -0.002 -0.002
(0.879) (0.513) (0.338) (0.677)
EU Real Estate 0.000 -0.005 -0.003 -0.003
(0.929) (0.423) (0.113) (0.440)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
Table 5.4: Beta estimates for non-real green assets, 2008-2016
Timber Agriculture Green Bonds Renewable Infra.
S&P 500 1.303*** 0.607*** 0.451*** 1.216***
(0.000) (0.000) (0.000) (0.000)
Stoxx Euro 600 1.216*** 0.334** 0.287*** 1.012***
(0.000) (0.048) (0.000) (0.000)
Nikkei 225 0.648*** 0.026 0.160*** 0.585***
(0.000) (0.837) (0.001) (0.000)
US T-Bonds -1.024* 0.098 0.439* -1.101**
(0.078) (0.877) (0.069) (0.045)
Ger. Sov. Bonds -1.354** -1.024* -0.189 -1.467***
(0.011) (0.077) (0.399) (0.003)
Jap. Gov. Bonds -0.592 0.535 0.524 -0.068
(0.481) (0.556) (0.131) (0.933)
Infra. Telecom 1.130*** 0.695*** 0.536*** 1.117***
(0.000) (0.000) (0.000) (0.000)
Infra. Transport 0.986*** 0.574*** 0.415*** 0.977***
(0.000) (0.000) (0.000) (0.000)
Infra. Energy 0.775*** 0.541*** 0.312*** 0.783***
(0.000) (0.000) (0.000) (0.000)
Infra. Utilities 1.130*** 0.629*** 0.504*** 1.052***
(0.000) (0.001) (0.000) (0.000)
US Real Estate 0.811*** 0.349*** 0.270*** 0.666***
(0.000) (0.002) (0.000) (0.000)
UK Real Estate 0.682*** 0.211* 0.218*** 0.565***
(0.000) (0.066) (0.000) (0.000)
EU Real Estate 0.657*** 0.432*** 0.315*** 0.682***
(0.000) (0.000) (0.000) (0.000)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
The results from the alphas and betas analysis in overall indicate to an investor
that including non-real green assets into an investment portfolio is unlikely to
bring any benefits to the portfolio. On the contrary, a negative effect is likely to
be expected since alphas do not show any evidence of out-performance and betas
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shows statistically significant evidence of higher risk in some cases. Therefore, an
investor would be unlikely to favour investments in non-real green assets.
Inflation and non-real green assets
A potential feature investors look in assets is their capability to provide a hedge
against the risk of increasing inflation. This is particularly relevant for pension
funds providing defined investment plans with inflation protection, as evidenced
by Andonov et al. (2012). In our analysis, we measure inflation considering the
US Consumer Price Index (CPI). The US CPI has been considered since most of
the assets in our analysis are currently traded in US dollars. Figure 5.3 shows
the monthly changes in the US CPI registered between 2008 and 2016. Over
the full period, the average change in the CPI was 0.13% per month, and the
standard deviation was 0.33%. Periods in our sample with relatively high increases
of inflation include June 2009, March 2011, and February 2013.
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Figure 5.3: Monthly changes in US CPI, 2008-2016.
For each non-real natural asset considered in this analysis, we measure the ability
to hedge changes in inflation over the time period November 2008-November 2016.
Following Erb and Harvey (2006) and Cremers (2013), we assume that changes
in CPI provide a reasonable proxy for expected, unexpected, and actual inflation.
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Sometimes financial markets respond to news about inflation (i.e. expected in-
flation) which comes out with some delay. In other cases, financial markets may
be able to anticipate up to certain point future news about inflation. In order
to consider all these possibilities, we perform the regression of the assets monthly
returns on current changes in inflation, in addition to the one-, two-, and three-
month lags of changes in inflation, as well as on the one- and two-month future
changes in inflation.
The regression results are presented in Table 5.5. A positive coefficient on future,
current, or lagged changes in CPI can be interpreted as evidence of inflation hedg-
ing, while a negative coefficient suggests that the investment performance tends
to worsen when inflation increases. The results in the table indicate that non-real
green asset are able to provide hedging against changes in CPI, and in particular
on future changes. Positive coefficients that are both economically and statisti-
cally significant at 5% and 10% are found for the assets agriculture, green bonds,
and renewable energy when related to CPI changes 1M in the future. In addition,
green bonds and renewable energy are also positive related to 1M CPI changes
in the past and 2M CPI changes in the future respectively. The coefficients on
current changes in CPI are rather negative for all green assets, but statistically
insignificant at the same time. The economic magnitude of the coefficients appears
to be significant too. For instance, the coefficient on the 1M future CPI change
for green bonds equals 2.23, with an associated p-value of 0.01. As a result, an
increase in CPI of 1% in any particular month can be associated to anticipatory
returns of 2.23% in the previous month and can be further associated with lagged
positive returns of 1.50% in the following month. Notoriously, timberland stands
the only non-real green asset that does not register any association that is statis-
tically significant.
Effects of including non-real green assets in an investment portfolio
We have so far examined the features of non-real green assets by studying their
historical time series in stand alone and comparing them with the historical prices
of other asset classes. We now aim to assess the impact of including the non-real
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Table 5.5: Investment performance of non-real greet assets and changes in
CPI
2M Future 1M Future 1M Lagged 2M Lagged 3M Lagged
CPI change CPI change CPI change CPI change CPI change CPI change
S&P 500 0.658 2.416* -0.017 1.644 1.281 -1.865
(0.634) (0.076) (0.989) (0.198) (0.304) (0.113)
Stoxx Euro 600 1.621 2.510* -0.599 -0.437 0.458 -1.866
(0.240) (0.065) (0.637) (0.731) (0.718) (0.127)
Nikkei 225 0.819 2.160 -1.379 0.515 0.670 -2.695
(0.664) (0.247) (0.431) (0.770) (0.699) (0.117)
US T-bonds -0.074 -0.633** -0.629** 0.398 0.205 0.021
(0.813) (0.041) (0.028) (0.149) (0.436) (0.937)
Ger. Gov. Bonds -0.141 -0.588* -0.447 0.041 -0.189 -0.111
(0.669) (0.077) (0.148) (0.894) (0.544) (0.723)
Jap. Gov. Bonds -0.069 -0.255* -0.154 0.123 -0.134 -0.120
(0.621) (0.066) (0.231) (0.323) (0.280) (0.335)
Infra. Telecom. 0.909 2.170* -1.012 2.285** 0.499 -0.857
(0.467) (0.079) (0.381) (0.044) (0.647) (0.427)
Infra. Transport 2.532 3.659** -0.494 2.036 0.628 -1.491
(0.131) (0.027) (0.750) (0.188) (0.677) (0.318)
Infra. Energy 3.888** 7.473*** 2.172 1.828 0.300 -1.257
(0.047) (0.000) (0.228) (0.314) (0.870) (0.487)
Infra. Utilities 0.715 1.719 -0.926 1.830 1.516 -0.826
(0.563) (0.159) (0.414) (0.103) (0.173) (0.432)
US Real Estate 2.983 2.480 -1.542 2.637 4.086** -1.173
(0.152) (0.232) (0.423) (0.170) (0.027) (0.499)
UK Real Estate 1.327 1.187 -2.259 2.907 4.278** -0.646
(0.518) (0.561) (0.231) (0.125) (0.011) (0.701)
EU Real Estate 2.177 5.123** -2.334 0.918 2.806 -1.098
(0.320) (0.018) (0.250) (0.645) (0.153) (0.574)
Timberland 3.393 3.347 -1.964 1.030 0.682 -2.341
(0.117) (0.119) (0.324) (0.608) (0.729) (0.207)
Agriculture 1.983 5.735** -1.248 -0.872 -2.230 -0.167
(0.398) (0.012) (0.562) (0.686) (0.301) (0.939)
Green bonds 1.164 2.234** -0.781 1.496* 1.048 -0.436
(0.195) (0.011) (0.346) (0.064) (0.185) (0.573)
Renewable Infra. 3.412* 5.859*** -0.555 0.570 -0.038 -1.828
(0.093) (0.003) (0.768) (0.761) (0.984) (0.319)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
green assets into a financial portfolio. For this purpose, we built a generic portfolio
compounded by equity, bonds, infrastructure and real estate assets, to which we
include non-real green assets and test its performance over the period November
2010 - November 2016. The portfolio uses Markowitz Mean-Variance optimization
(see Chapter 3, Section 3.3) to determine the optimal weight allocation such that
maximises the Sharpe ratio of the portfolio. To avoid null weights being allocated
to the assets, we impose a constraint of 1% and 20% to the minimum and maximum
weight respectively that can be assigned to a particular asset. The out-of-sample
technique is used to reconstruct the investment process over the period of interest.
Figure 5.4 presents the performance of the cumulative investments obtained for a
portfolio including non-real green assets and compare it with a portfolio excluding
them. The figure shows how £1 invested at the beginning the period lead to a value
of £1.14 at the end when investing it in a portfolio excluding non-real green assets.
On the other hand, this value leads to only £1.03 when the portfolio includes a
set of non-real green assets. The trajectories of the cumulative investment in both
cases register a significant fall during the last months of 2011; however, the fall is
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significantly deeper in the portfolio containing non-real green assets followed by
a slower recovery. Furthermore, Figure 5.5 compares the overall monthly returns
obtained by the portfolio when green assets are included and excluded, and Table
5.6 reports the main return statistics. When comparing the returns of the overall
portfolio, it is found that a portfolio with non-real green assets registers an average
monthly return of 0.12% (i.e. 1.39% p.a.), compared with a 0.25% (i.e. 2.98%
p.a.) obtained for the portfolio excluding non-real green assets. The volatility
of monthly returns is also greater for the portfolio with green assets, registering
3.8% in contrast with the 3.6% obtained for the portfolio without this asset class.
The Sharpe ratio for a portfolio with a green component is -23.27%, while for
the portfolio without the green component is -21.10%, suggesting that the former
portfolio underperforms the latter.
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Figure 5.4: Cumulative investment performance for a portfolio including and
excluding non-real green assets, 2010-2016
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Figure 5.5: Monthly overall returns of an investment portfolio with and with-
out non-real greet assets, 2010-2016
Table 5.6: Performance of a portfolio with non-real green assets
With Green Assets Without Green Assets
Mean M-return 0.12% 0.25%
Annualized mean return 1.39% 2.98%
Volatility of M-returns 3.80% 3.56%
Sharpe Ratio of M-
returns
-23.27% -21.10%
Max. Drawdown 25.04% 23.01%
The optimal weights allocated to each asset in the compared portfolios are pre-
sented in Figure 5.6. Allocations from November 2010 to October 2012 tend to
give more importance to real estate, infrastructure, and non-real green assets;
while allocations in equities and government bonds remain minimal. This time
frame coincides with the months following the 2008 financial crisis that saw a pe-
riod exceptionally bad for equity markets worldwide. However, from the end of
2012, when most equity markets started to recover, the allocation pattern changes
to favour equities, infrastructure, and real estate, while minimizing the allocations
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on green assets for the remaining of the period. From the figure it can be seen
that very little preference is given to non-real green assets in general; and only
during those special periods when equities do particularly bad, they receive some
significant allocations.
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In order to introduce robustness in our performance analysis, we also estimate the
efficient frontier for the portfolio excluding non-real green assets and compare it
when these assets are added in the portfolio. Figure 5.7 illustrates the efficient
frontier generated by both portfolios with the 72 monthly returns from November
2010 to November 2016. In the figure, the star on the frontier line indicates the
portfolio that maximises the Sharpe ratio. The figure shows that when non-real
green assets are included among the investments, the frontier line shifts inwards,
indicating that for a given level of expected return the volatility of the overall
portfolio increases. This shows that portfolios containing non-real green assets
underperform those excluding them. For instance, the portfolio that maximises
the Sharpe ratio when green assets are excluded achieves an expected monthly
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return of 0.8% with a monthly volatility of 4.01%. While in the case when non-
real green assets are included, this portfolio registers an inferior monthly average
return of 0.75% and a greater monthly volatility of 4.19%.
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Figure 5.7: Average monthly return and volatility for portfolios combining
non-real green assets with traditional assets, 2010-2016.
Liquidity risk and non-real green assets
An important consideration when studying an asset’s features is the liquidity of
the asset. Liquidity refers to the degree of difficulty or cost to trade (i.e. buy or
sell) an asset in a particular market. In periods of low liquidity, trading becomes
more difficult and costly taking a longer time to buy or sell assets. On the contrary,
in liquid markets assets can be traded quicker without significantly affecting their
price. Direct investments in natural assets tend to be more illiquid when compared
to traditional asset classes such as equities and bonds, both of which are among the
most liquid assets traded in financial markets. This characteristic introduces a risk
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which is manifested most precisely during the long period in which the invested
money is held in a particular illiquid investment. Therefore, the illiquidity of
natural assets represents a concern for investors that may limit capital allocation
into these asset class. The extent to which an investor may invest in natural assets
depends on the value of assets under management, the investment horizon of the
investor, and the level of risk an investor is willing to take. An investor allocating
money in more illiquid assets would typically require higher expected returns to
compensate the additional risk introduced.
In our analysis of liquidity, we investigate if non-real green assets tend to perform
better or worse at times when liquidity in the stocks markets is low. If asset
performance worsens at the time when liquidity is low, this would indicate that
it is more costly for an investor to exit these investments during a crisis event,
increasing its risk of the asset. On the contrary, if an asset performs better when
liquidity is low, this would indicate that an investor would be less likely to exit the
investment, reducing the risk of the asset. In measuring market liquidity, we follow
the approach introduced by Lubos and Stambaugh (2003) to generate a liquidity
index that captures temporary price changes due to the volume of trading. For a
group of common shares indexed by k, the liquidity index, θ2k,t, is estimated using
time-series ordinary least squares (OLS) in a regression over the equation
rxsk,d,t = θ
0
k,t + θ
1
k,t · rk,d−1,t + θ2k,t · sign(rxsk,d−1,t) · volk,d−1,t + εk,d,t, (5.1)
where rk,d,t is the return on the stock of company k on day d of month t. If
we define rmktd,t as the market return where stocks are traded, the excess return
rxsk,d,t = rk,d,t − rmktd,t is given by the difference between the return on stock k
and the market return. We use the NYSE composite index and the NASDAQ
composite index as proxy for the market returns associated to the NYSE and
NASDAQ markets respectively. The value of shares traded is denoted by volk,d,t,
measured in billion dollars. Specifically, we construct the market liquidity index
taking the equally weighted average of the liquidity measures of individual stocks
in the New York Stock Exchange (NYSE) and the NASDAQ stock market using
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daily data between January 2010 and September 2016. The NYSE and NASDAQ
are composed by over 3,000 companies each. For our index construction, however,
we have selected the 50 largest companies based on their market capitalization for
which full time series price data is available over the period of interest. Table 5.7
lists the companies traded in the NYSE and NASDAQ considered in our index and
presents their respective market capitalization as reported in the second quarter
of 2016.
Table 5.7: Fifty largest companies traded in the NYSE and NASDAQ accord-
ing to their market capitalization
NYSE NASDAQ
No Company Market Cap. Company Market Cap.
(US$ billion) (US$ billion)
1 Exxon Mobil Corp. 369.1 Apple Inc. 607.6
2 J P Morgan Chase & Co. 305.9 Microsoft Corp. 481.8
3 Johnson & Johnson 305.4 Amazon.com, Inc. 365.2
4 Wells Fargo & Co. 287.0 Intel Corp. 169.5
5 General Electric Co. 281.1 Comcast Corp. 166.2
6 AT&T Inc. 248.0 Cisco Systems, Inc. 150.9
7 Bank of America Corp. 233.3 Amgen Inc. 106.7
8 Procter & Gamble Co. 225.8 QUALCOMM Inc. 101.2
9 China Mobile (Hong Kong) Ltd. 222.2 Walgreens Boots Alliance, Inc. 93.6
10 Chevron Corp. 218.6 Celgene Corp. 88.0
11 Wal-Mart Stores, Inc. 215.4 Starbucks Corp. 85.5
12 Verizon Communications Inc. 209.9 The Priceline Group Inc. 76.9
13 Toyota Motor Corp Ltd Ord 205.3 Texas Instruments Inc. 72.0
14 Pfizer, Inc. 192.4 Costco Wholesale Corp. 69.8
15 Coca-Cola Co. 181.1 Adobe Systems Inc. 51.9
16 Citigroup Inc. 171.1 Twenty-First Century Fox, Inc. 51.8
17 HSBC Holdings plc 169.0 NVIDIA Corp. 49.5
18 Merck & Company, Inc. 168.8 Express Scripts Holding Co. 44.7
19 Walt Disney Co. 166.9 Automatic Data Processing, Inc. 44.3
20 Oracle Corp. 166.4 Yahoo! Inc. 39.8
21 Home Depot, Inc. 162.5 Applied Materials, Inc. 35.0
22 International Business Machines Corp. 158.3 CSX Corp. 34.9
23 Taiwan Semiconductor Manufac. Ltd. 156.2 Cognizant Technology Solutions Corp. 33.9
24 UnitedHealth Group Inc. 152.4 eBay Inc. 33.5
25 Pepsico, Inc. 148.5 Marriott International 32.6
26 Altria Group 129.2 Intuit Inc. 30.0
27 Unilever NV 121.1 Alexion Pharmaceuticals, Inc. 29.6
28 Schlumberger N.V. 118.0 DISH Network Corp. 27.4
29 BP p.l.c. 113.5 Activision Blizzard, Inc 27.3
30 3M Company 107.4 Ross Stores, Inc. 26.8
31 United Parcel Service, Inc. 104.4 O’Reilly Automotive, Inc. 26.1
32 SAP SE 103.7 Electronic Arts Inc. 23.8
33 BHP Billiton Limited 102.4 PACCAR Inc. 23.7
34 Royal Bank Of Canada 101.8 TD Ameritrade Holding Corp. 22.8
35 Medtronic plc 100.7 Fiserv, Inc. 22.7
36 McDonald’s Corp. 100.7 Analog Devices, Inc. 22.5
37 Boeing Co. 96.6 Sirius XM Holdings Inc. 21.9
38 Goldman Sachs Group, Inc. 96.2 Paychex, Inc. 21.8
39 Novo Nordisk AS 93.7 Micron Technology, Inc. 21.4
40 Toronto Dominion Bank 92.7 Dollar Tree, Inc. 20.7
41 GlaxoSmithKline PLC 92.1 Huntington Bancshares Inc. 20.3
42 Rio Tinto Plc 91.5 Fifth Third Bancorp 20.3
43 United Technologies Corp. 90.4 Northern Trust Corp. 20.2
44 Honeywell International Inc. 88.6 Mylan N.V. 19.5
45 U.S. Bancorp 88.5 Western Digital Corp. 19.3
46 Union Pacific Corp. 86.5 Incyte Corp. 19.0
47 Nike, Inc. 86.1 T. Rowe Price Group, Inc. 18.6
48 CVS Health Corp. 85.5 Autodesk, Inc. 18.1
49 Morgan Stanley 81.9 Lam Research Corp. 16.9
50 Nippon Telegraph and Telephone Corp. 80.8 Cerner Corp. 16.4
Figure 5.8 illustrates the systematic stock market liquidity index developed using
Equation (5.1) for the stocks traded in the NYSE and NASDAQ. As the figure
shows, the time period from early 2000 to the end of 2003 is characterized by
large changes in liquidity with several episodes of liquidity deterioration shown in
the drastic negative drops of the index. This episode of large changes in liquidity
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with significant drops may be associated with tech-bubble experienced between
1995 and 2000, which saw a drastic fall in the stock prices of NASDAQ, after
having experienced a period of exceptionally rapid growth in prices resulting from
a growing internet industry. After that period of drastic changes, the index started
to stabilize experiencing less severe liquidity changes, in particular after 2009,
when the index significantly flattens suggesting lower levels of liquidity and more
smooth variations. The reason for this significant reduction in the index variation
is attributed to a drastic fall in the trading volume of shares in stock markets that
followed the 2008 financial crisis (PwC, 2015).
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Figure 5.8: Monthly changes in the liquidity index in the aggregate stock
markets of NYSE and NASDAQ, 2000-2016
Table 5.8 presents the results of regressing the monthly returns of the non-real
green assets considered in our analysis on changes in the liquidity index and its
one-month lag. The results show that none of the non-real green assets have a
positive or negative association that is statistically significant with the stock mar-
ket liquidity index developed. However, when examining the association with its
one-month lag the performance of investments in non-real timberland, agricul-
ture, green bonds, and renewable infrastructure have negative and statistically
significant coefficients on the liquidity index, suggesting that these investments
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do slightly better with a certain delay when the liquidity in stock markets de-
teriorates. For instance, the coefficient on the one-month lag liquidity index for
non-real timberland equals -1.984 (with a p-value of 0.00), such that a decrease in
liquidity of 1% would be associated with a monthly return (1-month later) that is
1.98% higher. This indicates that non-real green assets can ease the exposure to
the stock markets liquidity risk, or at least there is no evidence that these assets
can increase liquidity risk.
Table 5.8: Aggregate stock market liquidity and non-real green assets, 2008-
2016.
Liquidity 1M Lagged
Index Liquidity Index
S&P 500 -0.076 -0.993***
(0.764) (0.000)
Stoxx Euro 600 0.180 -0.901***
(0.476) (0.000)
Nikkei 225 -0.118 -0.480
(0.735) (0.168)
US T-bonds -0.145** -0.070
(0.010) (0.205)
Ger. Gov. Bonds -0.092 0.002
(0.134) (0.971)
Jap. Gov. Bonds 0.002 0.029
(0.942) (0.248)
Infra. Telecom. -0.132 -0.576**
(0.565) (0.010)
Infra. Transport -0.083 -0.918***
(0.787) (0.002)
Infra. Energy 0.476 -0.721**
(0.184) (0.044)
Infra. Utilities 0.247 -0.603***
(0.274) (0.006)
US Real Estate -0.119 -1.881***
(0.756) (0.000)
UK Real Estate -0.687** -1.612***
(0.066) (0.000)
EU Real Estate 0.319 -1.245***
(0.431) (0.001)
Timberland 0.251 -1.984***
(0.527) (0.000)
Agriculture 0.463 -0.802*
(0.279) (0.059)
Green bonds -0.158 -0.604***
(0.340) (0.000)
Renewable Infra. 0.412 -1.060***
(0.270) (0.004)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
5.3.2 Performance of real green assets
Average returns, volatility, Sharpe ratio and diversification potential
The descriptive statistics for the performance of real green assets between June
2000 and March 2015 are presented in Table 5.9. From the table, it can be ob-
served that the real green assets, represented by the NCREIF Timberland and
Farmland indexes, significantly outperform the rest of the asset classes in terms
of average return, volatility, Sharpe ratio, and cumulative losses. The average
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quarterly return for real timber and farmland equal 1.65% and 3.36% respectively,
while equities represented by the S&P 500, the Stoxx Euro 600 and the Japanese
Nikkei 225 exhibits mean returns ranging from 0.50% to -0.30%, US government
bonds registers 1.31%, infrastructures assets varies between -0.79% and 1.41%, and
real estate assets between 1.03% and 1.61%. The volatility of quarterly returns
for real timberland and farmland are 4.22% and 5.06% respectively, compared
with a range of 8.42-10.93% for equity assets, 1.69% for bonds, 8.72-10.98% for
infrastructure assets, and 11.56-12.25% for real estate ones. The relatively higher
expected returns of real green assets and their lower volatility also provide them
with some of the highest Sharpe ratios, obtaining 29.54% in the case of timberland
and 58.41% for farmland. These values are only comparable with the Sharpe ratio
of 53.4% obtained for US bonds, while the ratio values for other asset classes are
significantly lower. Similarly, in terms of cumulative losses as captured by the
maximum drawdown, real green assets register among the lowest figures obtain-
ing only 19.99% for timberland and 10.79% for farmland, compared to a range
of 64.9-80.5% registered by equities, 58.16-108.61% by infrastructure assets, and
5.11-10.38% by real estate.
Table 5.9: Performance of historical quarterly returns for real green assets,
June 2000 - March 2016
Quarterly Annualized Volatility of Sharpe Max.
return return Q-returns Ratio Draw down
(%) (%) (%) (%)
Equity
S&P500 0.50 1.99 8.42 1.05 64.90
STOXX
Europe 600
-0.24 -0.97 9.48 -6.87 80.25
Nikkei 225 -0.30 -1.21 10.93 -6.50 80.50
Gov. Bonds
US bonds 1.31 5.24 1.69 53.37 2.47
Infrastructure
Telecom. -0.79 -3.17 9.57 -12.55 108.61
Transport 1.41 5.65 8.72 11.53 72.00
Energy 0.57 2.26 10.98 1.43 69.81
Utilities 0.82 3.28 7.09 5.82 58.16
Real estate
US 1.61 6.44 11.56 10.38 114.89
UK 1.03 4.14 12.25 5.11 149.46
EU 1.13 4.53 12.23 5.92 114.63
Green assets
NCREIF
Timberland 1.65 6.62 4.22 29.54 19.99
NCREIF
Farmland 3.36 13.45 5.06 58.41 10.79
Figure 5.9 presents the cumulative investment performance of £1 investment in
real green assets and compare it with the performance of the rest of the asset classes
over the period June 2000 - March 2016. The highest ending values at the end
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of the period are obtained for investments in farmland and timberland with £7.7
and £2.7 respectively. These values are followed by US bonds (£2.3), transport
infrastructure (£1.9), US real estate (£1.6), utility infrastructure (£1.4), EU real
estate (£1.3), and the S&P 500 (£1.1) which was the best-performing equity index.
In terms of the downside risk exhibited by each asset, it can be observed that all
real estate assets, infrastructure assets, and equity assets experienced significant
losses between late 2007 and mid-2009, as a consequence of the 2008 financial
crisis. Nevertheless, during the same period real green assets continued growing
without experiencing drastic losses indicating that these assets presented a greater
resilience against the effect of the crisis.
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Figure 5.9: Cumulative investment performance of an initial £investment in
real green assets, June 2000 - March 2016.
The diversification potential of real green assets is also found to be significant.
Table 5.10 shows the correlation of the quarterly returns obtained for real green
assets and the rest of the asset classes between June 2000 and March 2016. Real
green assets present a low positive to negative correlation with all asset classes
including equities, bonds, infrastructure and real estate assets. In the particular
case of real timberland, the correlation with equities ranges from 0.08 to 0.13,
while the correlation with bonds is just 0.02, the correlation stands between 0.05
and 0.19 with infrastructure assets, and between 0.03 and 0.17 with real estate.
In the case of real farmland, correlations range between 0.07 and 0.20 for equities,
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-0.16 for bonds, -0.06 to 0.11 for infrastructure, and between -0.06 and 0.07 for
real estate. These values are among the lowest of all the values in the table, only
outperformed by the US bonds which exhibit negative correlation with most of the
assets. The low correlation that real green assets present with other traditional
asset classes provide them with an important diversification potential that may
be attractive for investors.
Table 5.10: Correlation of quarterly returns, June 2000- March 2016
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S&P 500 1.00
Stoxx Euro 600 0.91 1.00
Nikkei 225 0.71 0.75 1.00
US Bonds -0.42 -0.38 -0.53 1.00
Infra. Telecom. 0.79 0.72 0.53 -0.20 1.00
Infra. Transport 0.71 0.66 0.48 -0.03 0.66 1.00
Infra. Energy 0.72 0.71 0.51 -0.28 0.64 0.74 1.00
Infra. Utilities 0.72 0.68 0.45 -0.01 0.72 0.76 0.78 1.00
US Real Estate 0.76 0.70 0.46 -0.11 0.43 0.66 0.54 0.63 1.00
UK Real Estate 0.65 0.65 0.47 -0.15 0.41 0.57 0.39 0.54 0.81 1.00
EU Real Estate 0.65 0.64 0.45 0.00 0.59 0.83 0.61 0.70 0.73 0.75 1.00
Timberland 0.10 0.08 0.13 0.02 0.19 0.08 0.05 0.16 0.03 0.17 0.09 1.00
Agriculture 0.10 0.07 0.20 -0.16 0.11 -0.06 0.07 0.04 -0.06 0.07 0.00 0.57 1.00
Alphas and betas for real green assets relative to equities, bonds, and
infrastructure
When examining the alpha and beta values for real green assets we find that the
results confirm that these particular assets outperform the traditional assets of
equities, bonds, infrastructure, and real estate in terms of both expected returns
and volatility levels. Table 5.11 shows the regression results for alpha values on the
real green assets of timberland and farmland, while Table 5.12 presents the beta
values. The figures in this table reveal that in both cases real green assets present
positive alphas with all the other asset classes compared. Moreover, the positive
coefficients are statistically significant at 1% and 5% in all cases. For example,
the NCREIF Timber returns have a positive alpha of 4.8% p.a. (i.e., 4.8%=
4 × 0.012%) with the S&P 500, transport, energy, and utility infrastructure, and
all real estates, that are statistically significant at 5%. NCREIF Farmland returns
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also produce a positive alpha of 11.6-12.0% p.a. with all the assets compared, that
are statistically significant at 1%. From Table 5.12 it can be also seen that the
regression coefficient for beta values computed for NCREIF timber and agriculture
returns are less than one for all the assets considered as benchmarks. In this
case, however, the large majority of the positive coefficient are statistically not
significant, with the exception of timber and telecommunication infrastructure,
and farmland and Japanese stocks, which are both statistically significant at 10%.
Table 5.11: Alpha estimates for real green assets, 2000-2016
NCREIF NCREIF
Timber Agriculture
S&P 500 0.012** 0.029***
(0.023) (0.000)
STOXX EUR 600 0.013** 0.030***
(0.020) (0.000)
Nikkei 225 0.013** 0.030***
(0.018) (0.000)
US Bonds 0.012* 0.033***
(0.052) (0.000)
Infr. Telecom 0.014** 0.030***
(0.012) (0.000)
Infr. Transport 0.012** 0.030***
(0.029) (0.000)
Infr. Energy 0.012** 0.029***
(0.024) (0.000)
Infr. Utilities 0.012** 0.029***
(0.026) (0.000)
US Real Estate 0.012** 0.030***
(0.026) (0.000)
UK Real Estate 0.012** 0.029***
(0.026) (0.000)
EU Real Estate 0.012** 0.029***
(0.026) (0.000)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
The analysis of alphas and betas for real green assets indicates to an investor that
these assets may certainly provide higher expected returns when compared to the
Table 5.12: Beta estimates for real green assets, 2000-2016
NCREIF NCREIF
Timber Agriculture
S&P 500 0.060 0.074
(0.340) (0.333)
STOXX EUR 600 0.040 0.048
(0.473) (0.483)
Nikkei 225 0.060 0.103*
(0.216) (0.078)
US Bonds 0.042 -0.418
(0.896) (0.282)
Infr. Telecom 0.094* 0.070
(0.087) (0.295)
Infr. Transport 0.041 -0.028
(0.499) (0.706)
Infr. Energy 0.017 0.031
(0.734) (0.602)
Infr. Utilities 0.088 0.026
(0.249) (0.778)
US Real Estate 0.012 -0.022
(0.794) (0.696)
UK Real Estate 0.061 0.030
(0.161) (0.573)
EU Real Estate 0.033 0.004
(0.453) (0.939)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
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traditional assets of equity, bonds, infrastructure or real estate as represented in
our selected benchmarks. The positive and statistically significant alphas mean
that the examined real assets are able to outperform all the benchmark assets,
suggesting that investment performance could be improved if these assets are in-
cluded in a portfolio. On the other side, the lack of statistical significance in most
of the beta values denies the possibility of concluding that these assets present
lower volatilities than the benchmarks. Nevertheless, it also implies that there
is no evidence that the real green assets will introduce a significantly higher risk
into an investment portfolio. Thus, from an investor point of view, the analysis of
alphas and betas would still suggest that he can be favoured by investing in these
assets.
Inflation and real green assets
Similarly, as we did for non-real green assets we measure the ability of real green
assets to hedge inflation using quarterly returns over the period June 2000-March
2016. Although we use the same methodology, in this case, we measure inflation
considering quarterly changes in the US CPI instead of monthly changes. Following
the same argument of how financial markets may respond to inflation, we perform
the regression of the assets quarterly returns on current changes in inflation, and
also on one-, two-, and three-quarter lags of changes in inflation, as well as, the
one- and two-quarter future changes.
Table 5.13 presents the results for the regression coefficients of the assets quarterly
returns and changes in the CPI index. As stated before, a positive coefficient on
future, current, or lagged changes in CPI can be interpreted as evidence of inflation
hedging, while a negative coefficient indicates that an asset performance worsens
at the time that inflation increases. The results in the table illustrate that from
the real green assets, NCREIF timberland returns positively relates with 1Q future
changes in CPI. The value of the coefficient is 1.16 and its associated p-value is
0.03, suggesting that the coefficient is both economically (i.e. 1% increase in the 1Q
future inflation rate, would expect a returned increase of 1.16%) and statistically
significant at 5%. In the case of NCREIF agriculture, no association that is
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statistically significant is found with either future, current or lagged CPI changes.
These results suggest that the real green asset of timberland has the ability to
provide hedging, particularly against unanticipated inflation which support the
findings also reported by Rubens and Webb (1995), Healey et al. (2005), and
Binkley et al. (2006).
Table 5.13: Investment performance of real green assets and changes in CPI
2Q Future 1Q Future 1Q Lagged 2Q Lagged 3Q Lagged
CPI change CPI change CPI change CPI change CPI change CPI change
S&P 500 -0.685 1.263 0.831 0.162 -1.610 -0.585
(0.526) (0.239) (0.436) (0.880) (0.138) (0.594)
Stoxx Euro 600 -0.556 1.751 0.739 -0.376 -1.552 -0.688
(0.647) (0.143) (0.538) (0.756) (0.205) (0.580)
Nikkei 225 -1.284 1.138 1.405 -0.831 -2.306* 0.118
(0.353) (0.410) (0.309) (0.546) (0.094) (0.933)
US Bonds 0.405* 0.138 -0.432** 0.161 0.357* -0.465**
(0.056) (0.522) (0.040) (0.455) (0.098) (0.028)
Infra. Telecom. 0.079 2.171* -0.588 0.068 -0.464 -0.378
(0.949) (0.071) (0.628) (0.954) (0.693) (0.744)
Infra. Transport 0.715 2.330** 1.167 -0.706 -2.525** -1.302
(0.524) (0.033) (0.289) (0.526) (0.022) (0.249)
Infra. Energy -1.144 3.348** 3.793*** -0.692 -2.475* -0.323
(0.417) (0.014) (0.005) (0.621) (0.079) (0.823)
Infra. Utilities -0.004 2.007** 0.694 0.652 -0.844 -0.745
(0.997) (0.023) (0.439) (0.471) (0.356) (0.421)
US Real Estate -1.256 0.744 3.176** 1.505 -2.953** -2.554*
(0.398) (0.614) (0.027) (0.306) (0.045) (0.089)
UK Real Estate 0.428 1.111 0.523 2.226 -1.367 -2.742*
(0.785) (0.475) (0.736) (0.149) (0.387) (0.084)
EU Real Estate 0.333 3.513** 1.954 -1.076 -1.789 -2.919*
(0.832) (0.021) (0.205) (0.490) (0.257) (0.066)
Timberland 0.607 1.161** -0.393 0.805 -0.019 0.647
(0.259) (0.028) (0.462) (0.132) (0.973) (0.227)
Agriculture -0.031 1.029 -0.472 0.678 0.455 0.836
(0.963) (0.107) (0.460) (0.292) (0.488) (0.207)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
Effects of including real green assets in an investment portfolio
In order to assess the impact of including real green assets in an investment port-
folio, we build a portfolio compounded by equities, bonds, infrastructure, and real
estate, and evaluate its performance over the period extending from June 2004
to March 2016 on a quarterly basis. Equities investments involve the US market
represented by the S&P 500, the European market proxied by the Stoxx Euro 600,
and the Japanese market as reflected in the Nikkei 225. As for bonds, we limit
these investments to the US bond market including both government and corporate
bonds as reported by the Barclays Capital Aggregate Bond Index. Investments in
infrastructure include the global markets of telecommunication, transport, energy,
and utility infrastructure. And real estate investment involves the US, UK, and
EU real estate markets. Following a similar procedure as we did for non-real green
assets, the constructed portfolio uses Markowitz Mean-Variance optimization to
determine the optimal weights allocated to each asset in each time interval such
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that maximizes the Sharpe ratio of the portfolio. We keep the same constraints
of 1% and 20% to the minimum and maximum weight respectively to avoid null
allocations. Likewise, the out-of-sample technique is employed to reconstruct the
investment process over the examined period, but this time performed on quarterly
basis.
Figure 5.10 shows the performance of the cumulative investment obtained for a
portfolio including in this case real green assets, and compare it with a portfolio
that does not include them. It can be observed from the figure that an initial
investment of £1 in a portfolio with real green assets leads to a value of £1.71
(i.e. a net growth of 71%) at the end of the period, while in a portfolio without
real green assets this lead to just £1.12 (i.e. a net growth of just 12%). Despite
both trajectories experiencing a drastic fall in their growth between March 2008
and March 2009, it is observed that the fall experienced by the trajectory of the
portfolio excluding real green assets is significantly deeper and it does not recover
at the same rate as the portfolio including real green assets. The performance of
the quarterly returns obtained for both portfolios are illustrated in Figure 5.11,
and their main statistics are summarized in Table 5.14. The comparison of the
overall portfolio returns shows that a portfolio containing real green assets exhibits
an average quarterly return of 1.22% (i.e. 4.88% p.a.), contrasted with only 0.55%
(i.e. 2.2% p.a.) for a portfolio without real green assets. Moreover, the volatility
of quarterly return in the first case is 4.30%, nearly 3.5% lower than the volatility
register in the second case. The Sharpe ratio in the green portfolio rises up to
23.2%, more than five times that one register for the traditional portfolio. And
the cumulative losses, as registered by the maximum drawdown, is 34.1% for a
portfolio with real green assets compared with 73.2% for the portfolio without
them.
When examining the weights allocated to each asset class along the studied period,
we find that allocations in real green assets are greatly favoured during the whole
period. This is shown in Figure 5.12. From the figure it can be seen how weights
on real green assets account for as much as 60% of the portfolio during most
of the period, indicating that these asset classes are preferred over traditional
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Figure 5.10: Cumulative investment performance for a portfolio including and
excluding real green assets, 2004-2016
Table 5.14: Statistics on the quarterly returns of a portfolio with real green
assets
With Green Assets Without Green Assets
Mean Q-return 1.22% 0.55%
Annualized mean return 4.88% 2.19%
Volatility of Q-returns 4.30% 7.75%
Sharpe Ratio of Q-
returns
23.23% 4.22%
Max. Drawdown 34.1% 73.2%
equities, bonds or real estate even during periods of crisis. Infrastructure assets
also receive a significant share of allocation. Yet weights, in this case, are variable
being smaller at the beginning of the period and increasing after the end of 2008.
Equities represent the asset class receiving the shortest weights averaging around
just 3% during the whole period.
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Figure 5.11: Quarterly returns of portfolio
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Finally, Figure 5.13 presents the efficient frontier generated with the quarterly
returns of the compared portfolios, where the star on the frontier lines indicates
the portfolio that maximizes the Sharpe ratio. The figure shows that when real
green assets are included in the portfolio, the frontier line shifts outward to the
top left corner of the plot. This indicates that portfolios containing real green
assets would expect higher average quarterly returns and lower volatilities when
compared with those that do not include them. When taking the cases of the
portfolios that maximize the Sharpe ratio, it is found that when real green assets
are included the portfolio achieve an expected quarterly return of nearly 1.6% with
an associated volatility of 4.6%. However, when real green assesses are absent the
expected return diminish to 1.1% and the volatility increases to 7.5%.
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Liquidity risk for real green assets
To study the association between real green assets and liquidity, we take the
quarterly changes between June 2000 and March 2016 in the liquidity index (see
Figure 5.8) constructed and regress them with the quarter returns exposed by
the examined real green assets. Table 5.15 presents the results obtained on the
regression coefficients on current changes in the liquidity index and its one-quarter
lag. The results in the table indicate that direct investments in real timberland and
farmland properties do not have a positive and statistically significant association
with stock market liquidity as captured by our index. Moreover, real timberland
actually presents a negative association of -0.102 with one-quarter lagged liquidity
changes that is statistically significant at 10%, suggesting that this investment
does slightly better when liquidity in stock markets decreases. Therefore, despite
the common notion that real assets tend to be much more illiquid adding extra
risk for investors, we find no evidence that the real green assets of timberland and
farmland may actually increase the exposure to stock markets liquidity risk.
Table 5.15: Aggregate stock market liquidity and real green assets, 2000-2016
Liquidity 1Q Lagged
Index Liquidity Index
S&P 500 0.125 -0.154
(0.251) (0.162)
Stoxx Euro 600 0.185 -0.116
(0.130) (0.350)
Nikkei 225 0.053 0.043
(0.712) (0.761)
US Bonds -0.021 -0.017
(0.338) (0.454)
Infra. Telecom. 0.157 -0.275**
(0.204) (0.020)
Infra. Transport 0.022 -0.141
(0.843) (0.216)
Infra. Energy 0.089 -0.216
(0.532) (0.132)
Infra. Utilities 0.123 -0.219**
(0.178) (0.016)
US Real Estate 0.072 -0.141
(0.635) (0.351)
UK Real Estate 0.023 -0.167
(0.886) (0.295)
EU Real Estate 0.054 -0.236
(0.737) (0.139)
Timberland -0.032 -0.102*
(0.558) (0.064)
Agriculture -0.006 -0.065
(0.931) (0.324)
Note. The p-values are given in parentheses. ***, **, and * indicate that the
coefficient’s p-value is below 1%, 5% and 10% respectively.
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5.4 Discussion
In this chapter, we have examined the performance of private investments in nat-
ural green assets considering allocations in non-real green assets (i.e. non-real
timberland, farmland, green bonds, and renewable infrastructure) and direct in-
vestments in real green assets (real timberland and farmland). Using monthly
return data for non-real assets available over the period November 2008 - Novem-
ber 2016, and quarterly returns for real green assets, we investigate which form of
green asset investments provide significant financial benefits for investors. Thus,
resulting in a more attractive option relative to the benefits provided by tradi-
tional asset classes such as equities, bonds, real estate, and other non-traditional
assets such as infrastructure.
When comparing the performance of natural green assets with other traditional
asset classes, it was found that real natural assets tend to outperform global eq-
uities, bonds, and even real estate in all the metrics considered. This was the
case, at least, for the period examined (2000-2016) which cover most of the time
span for which returns on natural capital have been reported in global markets.
Generalizing the obtained results to other periods will require conducting a similar
study in the future when more return data is generated for the assets evaluated.
The period considered in our analysis was characterized for the occurrence of a
global financial crisis in 2008, a significant event that stressed financial markets
and pushed down global equity prices. This particularity allowed to observe that
investments in real natural assets do particularly well when equities and bonds
perform poorly. It will be of interest to assess the performance of real green assets
in future scenarios of crisis to confirm if similar results are observed.
The results obtained in this chapter also reveal that investing in green natural
assets can have very different consequences for a private investor depending on
the type of investment. While investments in non-real natural assets may show a
significant downside, direct investments in real natural assets offer tangible ben-
efits. The evidence from our analysis indicates that non-real green assets tend
to present lower expected returns and higher volatilities compared with those of
5.4. Discussion 138
equities, bonds, real estate, and infrastructure. Moreover, non-real green assets
offer very little diversification potential, present negative alphas, and betas lower
than one leading to the deterioration of the overall performance of a portfolio. On
the positive side of these assets, we find that they still may provide some hedging
against unanticipated inflation and they do not exhibit evidence of introducing
significant risk when stock markets experience liquidity shocks.
On the contrary, the evidence in our analysis supports the idea that direct invest-
ments in real natural assets can result in significant financial benefits for investors.
Real green assets provide expected returns and volatilities that are significantly
higher and lower, respectively, when compared with traditional asset classes. The
alpha values for real green assets are highly positive in the majority of the cases,
while beta values remain lower than one; moreover, the assets also exhibit a sig-
nificant diversification potential. Additionally, our findings confirm that real tim-
berland is able to provide hedging against unexpected inflation, and together with
real farmland it does not show evidence of increasing the risk exposure to stock
markets liquidity risk.
A particular investor desiring to invest in natural capital assets should do so by in-
vesting directly in real green assets, rather than non-real assets if financial benefits
are to be expected. The main challenge for investments in real natural assets yet
remains associated to the liquidity concern and the long holding period. Despite
our results showing no evidence increasing risk in periods of low stock markets
liquidity, real natural assets remain in practice more difficult to trade than bonds
or equities. Even more, to access the benefits of real green assets including higher
returns and lower volatility, an investor would typically be required to hold the as-
sets for 10-15 years. Therefore, real green assets require investors that possess long
investment horizons and large capital amounts. Most typical investors, including
hedge funds, private individuals, or mutual funds normally have short investment
horizons; and thus, are unable to have significant shares of their portfolio invested
in this asset class.
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A recently emerging new type of investment funds, the Sovereign Wealth Funds
(SWFs), nevertheless have exhibited the appropriate characteristics, including
very large size, long-term investment goal, and access to a greater liquidity risk ex-
posure, required to increase allocations in real natural assets. This particular type
of funds has the potential to become a novel investment mechanism for natural
capital. SWFs are not only able to invest significant fractions of their portfolio in
real green assets, which mainly refers to renewable natural capital, but they also
have the capability of managing the wealth derived from non-renewable natural
capital. This provides SWFs with the potential to be adapted as natural capital
funds and support sustainability strategies. In the next chapter, we examine SWFs
as mechanisms to manage and invest in natural capital, and we also demonstrate
how this type of funds can reach the benefits of investing in real green assets.
6
Sovereign Wealth Funds and Natural Capital
Investments
S
overeign Wealth Funds (SWFs) have emerged as a new important class of
global investors given the tremendous growth experienced in recent years
(Butt et al., 2008; Beck and Fidora, 2008). An SWF is a government-
owned investment vehicle with high foreign asset exposure and long-time horizon
that serve multiple financial objectives (i.e. stabilization, saving, preserving in-
vestments or pensions) (IWG, 2008). By early 2016, there were over 70 SWFs
distributed in more than 40 countries managing assets valued over US$ 7.1 trillion.
According to the SWFI (2016) most SWFs are located in oil-exporting countries
funded by the revenues realized from the liquidation of commodity assets (e.g.
petroleum, gas, and minerals). These revenues are normally invested in highly
diversified global portfolios aiming to maximize returns and preserve the wealth of
the owning country. The distinctive characteristics of SWFs including their large
size, type of ownership, the absence of standard liabilities and low liquidity con-
straints, provide them with a long-term investment capability no found in other
institutional investors such as pension schemes (Stiglitz, 2012).
The characteristics of SWFs make them particularly suitable to preserve the value
of different forms of natural capital. On one side, when used as saving mechanisms,
SWFs can receive revenues realized from the liquidation of non-renewable natural
resources (i.e. oil, gas, minerals) converting the value of this type of natural
capital into a financial capital form that can be reinvested in a more diversified
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portfolio to preserve its wealth for the future. On the other side, as investment
vehicles with a long horizon, SWFs can allocate part of their portfolio to directly
invest in renewable natural capital and contribute to recovering their value. This
idea is illustrated in Figure 6.1. Given their large size, SWFs have the ability to
invest for much longer time horizon compared with other financial instruments,
which convert them in suitable investors for natural capital assets. Despite their
attributes, SWFs are not exempt of limitations and challenges. The main concerns
associated to SWFs regard possible economic distortion, since some SWFs may
find difficult to coordinate the fund’s operations with fiscal policy; how to cope
the lack of transparency, which can allow others to copy their investment strategy;
effectiveness in achieving its goals; and the risk of acquiring proprietary knowledge,
patented technology or trade secrets (Bernstein et al., 2013; Jory et al., 2010; Balin,
2008).
Figure 6.1: Sovereign Wealth Funds to preserve the value of natural capital
The strategic asset allocation (SAA) of SWFs can significantly differ depending
on the objectives of the fund (Kunzel et al., 2011). Nevertheless, empirical works
reveal most SWF portfolios focus their investments primarily in stock and bonds,
with a strong predominance for the financial sector (Bernstein et al., 2013; Johan
et al., 2013; Kotter and Lel, 2011; Dyck and Morse, 2011; Chhaochharia and
Laeven, 2008; Jain, 2007). Moreover, Bortolotti et al. (2013, 2009) show equity
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investments have accounted for about 80% of the total value of investments carried
out by SWFs in the past decade. The high preference towards equity can be
due to the absence of incentives to commit to other long-term alternatives, as
suggested by Spiegel (2012). There are, however, two major factors that are
currently influencing the investment strategy of SWFs. First, the growth of equity
markets has shrunk considerably after the financial crisis experienced in 2008. As
a consequence, equity markets are no longer as attractive as they used to be
(Bortolotti et al., 2015). The second major factor is that oil and gas markets have
become more competitive with the introduction of the shale oil and gas revolution
in the US. The arrival of shale oil and gas have impacted global energy markets,
resulting in significantly lower oil prices in recent years, and thus reducing income
for SWFs. Encouraged by the situation, these funds are taking a more active role
in the direct management of their assets, and new trends are emerging in their
SAA as a result (Alhashel, 2015).
The current context seems to be providing incentives for SWFs to seek long-term
returns in more illiquid investments instruments. Among illiquid instruments,
investments in natural assets such as timber and farmland have called the atten-
tion of some of the biggest SWFs, including both commodity and non-commodity
sourced funds. As an example of this, Xuedong (2014) shows how China In-
vestment Corp. - the worlds third largest SWF has announced their interest in
including agricultural assets as part of their new investment strategy. Similarly,
Cohen and McClelland (2015) report that Angola’s US$5 billion SWF is seeking
investments in timber and agriculture to diversify it asset allocations and increase
returns. Investments in natural assets are not new to SWFs. The New Zealand
Superannuation Fund and Canada’s Alberta Heritage Fund are SWFs that have
been investing in timber assets since 2005. Other SWFs have followed this trend
too. The SovereignWealthFundCenter (2015) reports that 14 different SWFs have
executed 51 deals into land, farm, forestry and agricultural businesses over the
last 10 years, valued over US$ 11.1 billion. These include the Abu Dhabi Invest-
ment Council, Singapore’s GIC and Temasek Holdings. The reasons for SWFs to
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invest in these assets are motivated by the potential of increasing returns, stabi-
lizing volatility, providing portfolio diversification and protection against inflation
(TheEconomist, 2014). Yet, only a small portion of SWF portfolios is allocated
in natural assets due to liquidity concerns. Timberland and farmland are very
illiquid assets compared to bonds or stocks. They take a long time to sell and
their returns are driven in many cases by a slow biological growth process. This
raises the concern of how to re-balance a portfolio with a significant weight on
natural assets, making timberland and farmland unsuitable for many investors
with horizons shorter than 10 years. Most institutional investors limit allocations
in timberland and farmland to 1-5% of their portfolio, with only exceptional in-
vestors allocating up to 10% (Binkley et al., 2006). Nevertheless, more recent
commercial managers research has started to project that institutional investors
may well begin to increase the percentages of portfolio allocation in real assets
(which include natural assets) to the range of 15-25% over the next several years
(McNamara, 2015; AquilaCapital, 2014; Azelby, 2012).
In view of these considerations, the present analysis examines the effect of includ-
ing natural assets in the investment strategy of an SWF. We specifically focus on
SWFs funded by oil revenues as they represent the largest fraction of this class of
investors. The objective in this part of our research work is, therefore, to evaluate
the performance of an oil-based SWF when including natural assets in its SAA. To
address this objective, the author models the investment portfolio of an SWF over
a nine-year period extending from March 2007 to March 2016. The model is de-
veloped taking as a case study the portfolio of the world’s largest oil funded SWF:
The Norwegian Government Pension Fund Global (GPFG). Our findings support
the notion that including timber and agricultural investments in the SAA provide
high returns, portfolio stability, and resilience against financial downturns. More-
over, we confirm that these assets represent an excellent option for commodity-risk
diversification. Based on our results, we argue that SWFs, because of their lower
liquidity constraints compared to other investors, can challenge their traditional
SAA to increase investments in natural assets. In so doing, these funds can clearly
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benefit from these investments and ultimately contribute to the preservation of
natural wealth.
6.1 Literature review on Sovereign Wealth Funds
The literature on SWFs can be grouped into a number of different streams as
shown by Alhashel (2015). A significant part of the works on SWFs focuses on the
relationship between the investment decisions of these funds, the global financial
landscape and the impact of investments on markets stability. Jensen and Seele
(2013), for instance, investigate the ethical investment guidelines driving decisions
in SWF asset allocations and their impact on corporate behaviour. Beck and
Fidora (2008) discuss the wealth transfers of SWFs from developed economies to
emerging markets as a result of an asset allocation driven by market capitalization
rather than liquidity considerations. Gieve (2009) studies the impact of SWFs on
global financial markets and the interaction between global imbalances and the
rapid growth of this class of funds. And Balin (2008) evaluates the benefits and
critics associated with SWF investments, arguing that these funds can lead to
more market liquidity and lower cost of capital. Another group of works focuses
on the transparency issue of SWFs. This is the case of Dixon and Monk (2012)
who examine the trade-off between transparency and long-term investing strategy
of SWFs. Moreover, Kotter and Lel (2011) study the investment strategy of SWFs
and its association with the transparency policy. The authors find that transparent
SWFs are more likely to invest in financially constrained firms compared to opaque
SWFs. Caner and Grennes (2010) argue that the lack of transparency and data
limitations in SWFs have made difficult to conduct a systematic analysis of their
investment behaviour. The authors also point that the openness of Norway’s
GPFG has made this particular SWF to be considered as a case study in a large
number of analyses.
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An important stream of the literature gathers empirical works which examine the
SAA of SWFs. Most of these studies indicate that the financial sector has tra-
ditionally been, by far, the preferred target of SWFs investments (Johan et al.,
2013; Bertoni and Lugo, 2013; Dyck and Morse, 2011; Bortolotti et al., 2013, 2009).
Boubakri et al. (2016) perform a comparative study between the SAA of SWFs and
pension funds, finding that SWFs are more likely to invest in strategic industries
such as the financial sector, natural assets, transportation, and telecommunica-
tions. Consistent with Johan et al. (2013), findings suggest that SWFs tend also
to prefer countries with sustainable economic growth and weak legal and institu-
tional environment. Miceli (2013) identifies a distinctive behaviour of SWFs when
allocating assets across industries in equity markets compared with another type
of investors. Fotak et al. (2008) research the financial impact and wealth effect
of SWF investments in global stock markets. And Bernstein et al. (2013) analyse
how political involvement influences the investment patterns of SWFs, suggesting
that funds with higher political involvement tend to support domestic firms in
opposition to funds that relies on external managers.
The stream of the literature probably most related to our work addresses SWFs
asset allocation models and risk-return analysis. Scherer (2011) shows how to
model the optimal asset allocation for an oil-based SWF as a function of the oil
extraction policy of the owning country. The author finds that SWFs decision-
making problems can be modelled as an optimal asset allocation with endowed
and non-tradable wealth. Moreover, Gintschel and Scherer (2008) develop an op-
timization model for oil-sourced SWF portfolios considering the oil endowment of
the owning country as an inherited risk the SWF portfolio wants to diversify; this
work provides the theoretical framework to analyse investment decisions of com-
modity based SWFs. Following this framework, Bertoni and Lugo (2013) build a
mean-variance model to statistically test the actual SAA of the GPFG to a theo-
retical optimum. Their empirical analysis demonstrates that the deviations shown
by the GPFG’s portfolio are consistent with theoretical predictions, meaning that
the SAA of the GPFG takes into account the diversification of the risk linked to
Norway’s oil reserves. Papaioannou and Rentsendorj (2015) also analyse the SAA
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of the Norwegian fund using Markowitz portfolio theory. Their analysis suggests
that the GPFG’s SAA is broadly consistent with the allocations generated by the
one-period Markowitz model. Finally, vandenBremer et al. (2016) introduce a new
framework to coordinate the management of below- and above-ground sovereign
wealth by integrating portfolio allocation theory with precautionary saving and
optimal oil extraction under oil price volatility. The authors, in addition, pro-
vide suggestions to improve the GPFG management. Regarding the return-to-risk
analysis, one of the most prominent works evaluating the GPFG is presented by
Ang et al. (2009). In their work, authors show that the optimal SAA is the most
significant source of total returns for Norway’s fund.
In relation to natural asset investments (i.e. timberland and farmland), several
works in the literature have dedicated to studying their effect when included into
the investment portfolio of institutional investors. Findings seem nonetheless to
be contradicting, suggesting in some cases positive effects and in other cases failing
to find evidence of significant improvement. Kaplan (1985) describes the return
characteristic of farmland investments and assesses their diversification potential
when included as an asset in an investment portfolio. Using Markowitz optimiza-
tion, the author concludes that farmland investments contribute to improving the
efficient frontier of portfolios by providing a higher return-to-risk characteristic.
In line with these findings, Lins et al. (2016) found that adding farmland to a
portfolio of stocks, corporate bonds, and real estate results in higher risk-adjusted
returns. Rubens and Webb (1995) show farmland to be a good inflation hedge
and to provide low positive to negative correlation with equities. However, more
recent works including Hardin and Cheng (2002) and Hardin and Cheng (2005)
suggest that there is no evidence of any significant benefits from including farm-
land to a portfolio of real estate while using alternative risk assumptions. As for
timber assets, a number of studies report improvement in the return-risk charac-
teristic of a portfolio when timber is included. Healey et al. (2005) argue that
the unique attributes of timber investments (i.e. higher expected returns, low
associated risk, timber’s economy, and inflation hedging) allow a portfolio with
a timberland component of 10 percent to yield highly positive results. Zhang
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et al. (2011) and Waggle and Johnson (2009) also find significant benefits when
timberland is added into a portfolio of stocks, bonds, and T-bills. On the con-
trary, the analysis presented by Scholtens and Spierdijk (2010) concludes that,
after removing the appraisal smoothing bias from timberland returns, there is no
evidence that adding timber into a portfolio mix of traditional assets can increase
mean-variance efficiency.
This research work contributes to the latest above-mentioned stream of the SWF
literature and with the literature on natural assets investments. By modelling the
investment portfolio of an oil-sourced SWF, based on the theoretical framework
developed by Gintschel and Scherer (2008) and the methodological approach intro-
duced by Bertoni and Lugo (2013), we test the long-run performance of an SWF
portfolio when timber and farmland are included in the SAA. Our findings show
that natural asset investments can yield to higher return-risk ratio, diversify com-
modity risk of price fluctuation, and reduce capital losses, suggesting that these
assets can be considered as a serious alternative in the long-time strategy of SWFs.
To the best of our knowledge, no analysis in the existing literature examines the
effect in the long-term performance of adding natural assets into the SAA of an
oil-based SWF.
6.2 Case study: Norway’s Government Pension
Fund Global
Norway is one of the most developed economies in the world. Much of Norway’s
economic growth has been supported by its abundance of natural resources, includ-
ing exports of fishery, hydro-power, and most significantly, petroleum products.
As for 2015, Norway was ranked the 8th-largest oil exporter in the world, and
the 3th-largest natural gas exporter (NPD, 2015). Oil reserves in this country
are estimated at 6.5 billion barrels, which roughly translate into a market value
of US$ 325 billion (considering a $50 oil barrel). Part of the revenues derived
from oil activities is channelled into Norway’s SWF: The Government Pension
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Fund Global (GPFG). The GPFG is currently the world’s largest SWF, managing
assets valued in over US$820bn (SWFI, 2016). Thus, the ratio of oil reserves to ag-
gregated wealth for the Norwegian fund approximates to ω = 0.28. The fund was
formally set up in 1990 as a petroleum fund to manage Norway’s natural wealth in
the long-term and to contribute to Norway’s strategy for sustainable development
(MinistryOfFinance, 2008b). The idea behind establishing the fund was to channel
revenues from oil activities into a diversified portfolio of international securities.
Since its inception, the GPFG has received about 3,499 billion kroner (approx.
US$423.6bn at present exchange rate) from oil revenues. Table 6.1 shows the oil
production trajectory, together with oil revenues and capital transfer to the fund,
experienced by Norway in the past decade. Oil production in Norway has been
declining at an average rate of 5% per year since 2005, going from nearly annual
932 MMbarrel to 572 MMbarrel. Revenues perceived from oil are the result of
different petroleum-related activities, including taxes, environmental taxes, royal-
ties, government direct participation in the oil business, and dividends from the
national oil company Statoil. Total revenues have been fluctuating between US$
1,400bn and US$ 2,700bn per annum, decreasing in the last three years as a result
of falling oil prices. The portion of total revenues annually transferred to the fund
is estimated to oscillate in the range of 47-87% per year, averaging 67.7% over the
past ten years.
The GPFG portfolio model focuses on public traded securities depending mainly
on beta returns rather than alpha returns, in contrast with the Swensen model
(Chambers et al., 2012). Regarding the most distinctive characteristics, Dimson
et al. (2010) and the MinistryOfFinance (2015) highlight the fund’s large size, its
long-term investment horizon, the absence of specific liabilities, its ownership and
governance structure, and its high level of transparency. These characteristics pro-
vide the fund with a greater than average risk tolerance that, in combination with
an effective SAA, have allowed the GPFG to excel in performance achieving rates
of return higher than those of many other equity investors (Caner and Grennes,
2010). The fund’s market size has grown approximately 173% over the period Q1
2007 - Q1 2016, reporting an average quarterly return of 1.3% with a volatility
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of 5.15%, and an oil sensitivity of 0.11. The SAA of the GPFG is defined by
the mandates introduced by NorgesBank (2016). Table 6.2 summarizes the man-
dates for the Norwegian fund adopted in early 2016. The strategy adopted by
the GPFG defines a portfolio invested in three main instruments: equities (61%),
fixed-income (36%), and real estate (3%). The equity portfolio is invested in com-
panies listed in recognized marketplaces in Europe (excluding Norway), North
America, Asia and Emerging Markets. Top listed companies include Nestle SA,
Apple Inc., Roche Holdings AG, Novartis AG, Alphabet Inc., Microsoft Corp.,
BalckRock Inc., HSBC Holdings Plc, Royal Dutch Shell Plc, Prudential Plc, and
Exxon Mobil Corp. The fixed-income portfolio is invested in tradable govern-
ment and corporate bonds and debt instruments. Due to liquidity risk limits, the
mandates dictate that a minimum of 10% of the portfolio shall be held in liquid
instruments, defined as treasury bonds issued by the governments of the US, UK,
Germany, France, or Japan. Finally, the real estate portfolio is invested according
to a policy of geographic diversification including markets in the US, UK, Europe,
and Asia. These investments include rights acquisition of office, retail, logistic,
and dwelling buildings, but exclude investments in infrastructure projects. The
mandates also introduce limits for the management costs as a percentage of assets
under management. Limits to the cost are approved in advanced based on estima-
tions for the following year and historically they have not exceeded 0.1% of total
assets under management in the last ten years.
6.3 Research methodology
6.3.1 Analytical model
To address the objective of this part of the research, we model the portfolio of
investment of an SWF based on Norway’s model and test its performance when
including natural asset investments into its SAA. The analysis extends over a 9-
year time span starting from Q1 2007 and ending in Q1 2016, discretized on a
quarterly basis (37 quarters). For the purpose of this analysis, we are assuming
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Table 6.2: Mandates adopted by the Government Pension Fund Global in
January 2016. Source: NorgesBank (2016)
Mandate Description Percentage Range
1 The fund is to be invested in three asset classes: eq-
uities, real estate, and fixed income instruments.
2 The fund should be invested aiming to improve the
risk-return relationship.
3 Exposure to equities of the investment portfolio 50%-70%
4 Exposure to Fixed-income instruments 10%-30%
5 Exposure to Real Estate of the investment portfolio 0%-5%
6 The real estate portfolio shall be diversified in accor-
dance to:
0%-5%
US 30%-70%
UK 10%-40%
Europe (mainly Germany and France) 0%-20%
Asia (Japan) 0%-20%
Other countries 0%-10%
7 The fund may not be invested in infrastructure (e.g.
roads, railways, harbours, airports, and others)
8 Management cost shall not exceed 0.1 % of assets un-
der management
an oil-funded SWF that wants to diversify its commodity risk. The fund is set up
with an initial market value at the beginning of the period that changes over time
depending on return on investments, management expenses, and fluctuations in
oil revenues. We also assume that the fund follows a global investment strategy
with allocations in equity, real estate, and fixed-income instruments. These in-
vestments are geographically diversified across North America, Europe, Asia, and
Latin America. Equity investments include stock acquisition in listed companies
from eight different sectors, namely: consumer goods, consumer services, energy,
finance, healthcare, industrial, technology, and utilities. Investments in real es-
tate include property markets in the US, UK, Europe, and Asia. Fixed-income
investments have been limited to the US bond market. In addition to these tra-
ditional assets, investments in timber and farmland assets are included into the
portfolio. Investments in timber refer to the acquisition of trees and forestland,
including the operations of growing, harvesting, processing and distributing tim-
ber products. Farmland investments encompass the purchase and management of
agricultural operations, including crops and livestock.
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The performance of the fund over time is assessed by measuring the variations
of its size, average quarterly returns, volatility, inflows from oil activities, and
portfolio exposure to oil risk. The market value of the fund at time t, vt, depends
on the size at a previous time instant, and the current difference between inflows
and outflows perceived by the fund, expressed as
vt = vt−1 + (It − Ct), ∀t ∈ [1, T ] (6.1)
where the term (It − Ct) represents the difference between inflows and outflows
experienced at time t. The outflows of the fund are primarily given by the man-
agement cost, Ct, assumed to be a fraction of the total value of assets under
management, given by
Ct = φMt−1 (6.2)
where 0 < φ < 1. The inflow of the fund, It, is given by two components: the
revenues derived from oil income allocated to the fund, and the returns derived
from the global investment portfolio. Oil revenues depend on both export levels,
et, and oil prices, pt, written as
rt = γetpt, (6.3)
where γ is the fraction of oil revenues allocated to the fund.
The returns on global investments are given by the composite returns obtained for
the asset classes equity, reqt ; real estate, r
re
t ; fixed-income, r
fi
t ; and natural assets
rnat . If we have N
eq, N re, N fi, and Nna risky investment alternatives for equity,
real estate, fixed-income, and natural assets, respectively, the composite returns
for each asset class is computed as
reqt = z
eq
t
Tweqt (6.4)
rret = z
re
t
Twret (6.5)
rfit = z
fi
t
T
wfit (6.6)
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rnat = z
na
t
Twnat (6.7)
where zeqt , z
re
t , z
fi
t and z
na
t are the vectors containing the individual returns for
each equity, real estate, fixed-income, and natural asset, respectively. And weqt ,
wret , w
fi
t and w
na
t denote the weights for the equity, real estate, fixed-income, and
natural assets portfolio, respectively.
Global efficient portfolios, weqG,t, w
re
G,t, w
fi
G,t and w
na
G,t for each asset class are esti-
mated every quarter taking into account the commodity risk. Following Bertoni
and Lugo (2013), we compute the global efficient portfolios using Monte Carlo
resampling technique, as described by Michaud (1998). Resampling techniques
provide a stronger reduction in the under diversification of the estimated portfo-
lio, particularly when constraints are added to weights (Scherer, 2002). In order to
avoid null weights, we impose constraints to the minimum and maximum weights
assigned to particular assets. In the case of equities, we apply a minimum of 0.5%
and a maximum of 11% for each sub-asset. For real estate, the minimum and
maximum weights are 0.5% and 25%, respectively. And for natural assets, a min-
imum of 10% and a maximum of 90% is imposed. When using resampling, 500
Monte Carlo simulations were run to generate 300 portfolios. In each simulation,
the covariance matrix and the oil sensitivity vector b are estimated using part of
the historical quarter returns for scenario generation, and the rest of the historical
data for evaluating the performance of the investment strategy. This technique is
referred to as out-of-sample analysis. The optimal portfolio derived from resam-
pling is chosen as the one that maximizes the Sharpe ratio, using US Treasury
Bills as the risk-free asset.
By combining Equation (6.3) and Equations (6.4)-(6.7), the inflows of the fund
can be expressed as follows
It = γetpt + vt−1(αeqr
eq
t + α
rerret + α
firfit + α
narnat ), (6.8)
where the variables αeq, αre, αfi, and αna are introduced to represent the allocation
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mandate policy established by the fund to invest in equity, real estate, fixed-
income, and natural assets, respectively. Substituting Equations (6.2) and (6.8)
into Equation (6.1) and reorganizing, allow us to rewrite the fund market value as
vt = γetpt + vt−1
[
1 + (αeqreqt + α
rerret + α
firfit + α
narnat )
]
− φvt−1. (6.9)
This equation is used to model and evaluate the growth trajectory of the fund
when inputting the data described in the following section.
6.3.2 Data and portfolio construction
Following the SAA of the GPFG, the construction of the portfolio considers an
investment universe composed of 25 equity markets, 4 real estate markets, and
1 bond market. These investments are assumed to be geographically distributed
across North America, Europe, Asia, and Latin America. Table 6.3 shows the de-
tailed investment universe considered in our analysis. The data required to model
the investment universe has been obtained from Thomson Reuters and Bloomberg
databases, and it consists of historical time series of quarterly returns over a nine-
year period (Q1 2007-Q1 2016). Additional 28 observations (Q1 2000-Q4 2006)
have been taken to perform the out-of-sample analysis for the first point in the
modelled period. Equity investments include stock acquisitions in the sectors of
consumer goods, consumer services, energy, finance, healthcare, industrial, tech-
nology, and utilities. These investments are proxied using indices from US Dow
Jones, Stoxx Euro 600, Thompson Reuters, and MSCI. Investments in real estate
include the property markets in the US, UK, Europe, and Asia and South Pacific
and their returns are represented by Thompson Reuters property indices from
their respective regions. As for fixed income, investments are limited to the US
bond market represented in the Barclay’s Capital US Aggregated Bond Index.
In addition, based on the mandates adopted by the Norwegian fund, we assume
that 60% of total assets is allocated to equities, 35% to fixed-income instruments,
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Table 6.3: Investment universe for the Sovereign Wealth Fund portfolio model
Instrument Index Data source
Equity
Basic Materials North America Dow Jones US Basic Materials Index Thomson Reuters
Basic Materials Europe STOXX EUR 600 Basic Materials Index Thomson Reuters
Basic Materials Asia Thomson Reuters Asia/Pacific Basic Materials In-
dex
Thomson Reuters
Consumer Goods North America Dow Jones US Consumer Goods Index Thomson Reuters
Consumer Goods Europe STOXX EUR 600 Consumer Goods Index Thomson Reuters
Consumer Goods Asia Dow Jones Asia/Pacific Consumer Goods Index Thomson Reuters
Consumer Services North America Dow Jones US Consumer Services Index Thomson Reuters
Consumer Services Europe STOXX EUR Consumer Services Index Thomson Reuters
Consumer Services Asia Dow Jones Asia/Pacific Consumer Services Index Thomson Reuters
Energy North America Thomson Reuters US Energy Index Thomson Reuters
Energy Europe Thomson Reuters EUR Energy Index Thomson Reuters
Energy Asia Dow Jones Asia/Pacific Oil & Gas Index Thomson Reuters
Financial North America Dow Jones US Financial Services Index Thomson Reuters
Financial Europe STOXX EUR 600 Financial Services Index Thomson Reuters
Financial Asia Thomson Reuters Asia/Pacific Financial Services
Index
Thomson Reuters
Health Care North America Dow Jones US Health Care Index Thomson Reuters
Health Care Europe STOXX EUR 600 Health Care Index Thomson Reuters
Health Care Asia MSCI All country Asia/Pacific Health Care Index Thomson Reuters
Industrial North America Dow Jones US Industrial Index Thomson Reuters
Industrial Europe STOXX 600 Industrial Index Thomson Reuters
Industrial Asia Dow Jones Asia/Pacific Industrial Index Thomson Reuters
Technology North America Dow Jones US Technology Index Thomson Reuters
Technology Europe STOXX 600 Technology Index Thomson Reuters
Technology Asia Thomson Reuters Asia/Pacific Technology Index Thomson Reuters
Utility North America Dow Jones US Utility Index Thomson Reuters
Utility Europe STOXX 600 Utility Index Thomson Reuters
Utility Asia Thomson Reuters Asia/Pacific Utilities Index Thomson Reuters
Telecommunications North America Dow Jones US Telecom Sector Index Thomson Reuters
Telecommunications Europe STOXX EUR 600 Telecom Index Thomson Reuters
Telecommunications Asia Thomson Reuters Asia/Pacific Technology Index Thomson Reuters
Equities overall Latin America MSCI Latin America Price Index Thomson Reuters
Real Estate
North America Thomson Reuters US Property Index Thomson Reuters
UK Thomson Reuters UK Property Index Thomson Reuters
Europe (ex. UK) Thomson Reuters Europe (ex. UK) Index Thomson Reuters
Asia Thomson Reuters Asia Property Index Thomson Reuters
Fixed-income
North America Barclays Capital US Aggregated Bond Index Blomberg
Natural Assets
Timberland NCREIF Timberland Property Index NCREIF website
Farmland NCREIF Farmland Index NCREIF website
and 5% to real estate. This strategic asset allocation is referred as the base-
line portfolio in the remainder of the analysis, and it constitutes the benchmark
to compare the performance of other investment portfolios. In addition to the
aforementioned traditional asset classes, we include investments is timberland and
farmland assets. Investments in timberland and farmland can be broadly classified
into privately and publicly held assets investments, with each of them exhibiting
different performance profiles in terms of risk and returns (Riddiough et al., 2005).
Private equity investments in timberland and farmland are generally targeting
at institutional investors and their performance is captured by the NCREIF in-
dexes. The NCREIF indexes consist of quarterly time series composite returns of
the investment performance of a large pool of individual timber and agricultural
properties in three regions of the United States: the South, Northeast, and Pa-
cific Northwest. Returns on the NCREIF Timberland and Farmland Indexes are
determined by the income and appreciation returns on the timber and farm prop-
erties managed by Timberland Investment Management Organizations (TIMOs)
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and Farmland Investment Trusts in the US, respectively. Income returns arise
from sales of timber and farm products according to production, whereas appreci-
ation returns results from timber, farm and land appreciation. NCREIF indexes
are computed based on the appraisal of recent property transactions; therefore,
the indexes suffer from appraisal smoothing bias that makes the volatility of the
observed returns too low in comparison to the true unobserved returns (Scholtens
and Spierdijk, 2010). To avoid an over-optimistic picture of the diversification
potential of the NCREIF indexes, we consider unsmoothed index returns using
the unsmoothing approach introduced by Fisher et al. (1994) (see Appendix E).
In doing so, the volatility condition adopted is based on the assumptions that
the volatility of commercial timber and farm properties is approximately 1/2 the
volatility of the S&P500 Index.
6.3.3 Portfolio analysis
The performance analysis is done by developing a simulation model in Matlab
of the investment portfolio of an SWF funded by the revenues derived from oil
activities. The revenues from oil activities are modelled using historical trajectories
of oil production in Norway (Table 6.1) as reported by the Norwegian Petroleum
Directorate (NPD, 2015), and historical time series of quarterly oil prices using
the Brent Spot FOB as a reference. The oil inflows to the fund are assumed
to be given by a constant fraction of 70% of total oil revenues. This fraction is
introduced based on the average relationship between the oil inflows reported by
the GPFG and the total oil revenues from oil activities reported by the Norwegian
government between 2007 and 2014. The test case fund is set up with an initial
market value of $305.4bn at the beginning of the evaluation period. This number
is in line with the market value of the GPFG reported during the first quarter
of 2007. Total management cost per quarter has been considered to be 0.02% of
the total value of assets under management. This consideration is based on the
average quarterly costs reported by the Norwegian fund between 2004 and 2015.
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In order to evaluate the effects of including timber and farmland investments in the
SWF allocation strategy, 16 different portfolios are analysed. Table 6.4 provides
a description of the different portfolios compared in our analysis. The different
portfolios include the baseline portfolio (portfolio 1) and the portfolios resulting
from displacing investments from traditional assets into natural assets at three dif-
ferent levels: 15%, 20%, and 25%. Therefore, we find the cases when supplanting
equity investments (portfolios 2-4), fixed-income investments (portfolios 5-7) and
real estate investments (portfolios 8-10) by investments in natural assets. These
portfolios have been chosen to compare the effects that natural assets replace-
ment has when applied to the different traditional asset classes. In addition, we
consider the portfolios resulting from reducing equity investments at the expenses
of increasing investments in fixed-income (portfolio 11-13) and real estate (port-
folios 14-16) while excluding allocations in natural assets. These portfolios are
considered with the purpose of comparing the effects of displacing equity invest-
ments into another traditional asset class rather than into natural assets. Each
of the tested portfolios is ranked based on their performance when considering
net growth, average returns, overall risk (i.e. considering oil and financial assets),
maximum draw down, and the portfolio exposure to oil sensitivity. Additionally,
we examine the effects that oil risk has over the oil inflows to the fund and its
contribution to market value growth.
6.4 Results
6.4.1 Analysis of asset returns
We begin our analysis by comparing the performance of historical returns of the
different assets considered in our investment universe. Table 6.5 shows the descrip-
tive statistics of the assets quarterly returns based on their historical performance
during the period Q1 2007- Q1 2016. From the table, it can be observed that
different assets exhibit significant different performance. North American equities
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Table 6.4: Strategic asset allocation of the evaluated portfolios
Portfolio Description Strategic Asset Allocation
Eq Fi Re Na
1 Baseline. No natural assets
included.
60.00% 35.00% 5.00% 0.00%
2 Shifting 15% of Eq into Na 51.00% 35.00% 5.00% 9.00%
3 Shifting 20% of Eq into Na 48.00% 35.00% 5.00% 12.00%
4 Shifting 25% of Eq into Na 45.00% 35.00% 5.00% 15.00%
5 Shifting 15% of Fi into Na 60.00% 29.75% 5.00% 5.25%
6 Shifting 20% of Fi into Na 60.00% 28.00% 5.00% 7.00%
7 Shifting 25% of Fi into Na 60.00% 26.25% 5.00% 8.75%
8 Shifting 15% of Re into Na 60.00% 35.00% 4.25% 0.75%
9 Shifting 20% of Re into Na 60.00% 35.00% 4.00% 1.00%
10 Shifting 25% of Re into Na 60.00% 35.00% 3.75% 1.25%
11 Shifting 15% of Eq into Fi 51.00% 44.00% 5.00% 0.00%
12 Shifting 20% of Eq into Fi 48.00% 47.00% 5.00% 0.00%
13 Shifting 25% of Eq into Fi 45.00% 50.00% 5.00% 0.00%
14 Shifting 15% of Eq into Re 51.00% 35.00% 14.00% 0.00%
15 Shifting 20% of Eq into Re. 48.00% 35.00% 17.00% 0.00%
16 Shifting 25% of Eq into Re 45.00% 35.00% 20.00% 0.00%
Note. Eq: Equity; Re: Real estate; Fi: Fixed-income; Na: Natural assets
and real estate registered a better performance compared with their similar mar-
kets in Europe and Asia, exhibiting generally higher average returns and lower
volatilities. The best performances within equities, when considering the Sharpe
ratio, were found for North American consumer goods (0.209), consumer services
(0.226), healthcare (0.250), and technology (0.166). These relatively high ratios
may promise preference toward these assets when allocating weights within eq-
uities. Other equity markets exhibiting a moderate performance includes Euro-
pean consumer goods (0.129) and healthcare (0.182), and Asian consumer goods
(0.012). Real estate markets, excluding the North American market, did not per-
form well during the examined period showing negative average returns and high
levels of volatility. Particularly, the UK real estate (-0.086) and European real
estate (-0.030) markets presented some of the lowest Sharpe ratios, together with
the Asian property market (-0.028). On the contrary, the US bond market ex-
hibits one of the best performances among the assets in our universe, registering
an average quarterly return of 1.14%, a volatility of 1.60%, and a Sharpe ratio
of 0.603. Unsmoothed timber and farmland are among the assets with higher re-
turns and lower volatility too, comparable with the best performing equities and
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the US bond market. The average quarterly return for unsmoothed timberland
and farmland during the considered period were 1.40% and 2.79%, respectively,
with a standard deviation of 3.73% and 3.20% in each case. The Sharpe ratios
of timber (0.329) and farmland (0.816) confirm their good performance, ranking
within the top three performing assets together with the US bond market.
Table 6.5: Historical performance of quarterly returns for assets in our invest-
ment universe, Q1. 2007 - Q1. 2016
Asset Mean Std Dev Sharpe ratio Oil sensitivity Correlation with oil
N. America Consumer goods 1.70% 7.27% 0.209 0.11 0.34
N. America Consumer services 2.08% 8.43% 0.226 0.138 0.368
N. America Energy -0.31% 12.69% -0.038 0.395 0.698
N. America Financial -0.63% 13.39% -0.06 0.279 0.467
N. America Health care 2.03% 7.42% 0.25 0.126 0.38
N. America Industrial 1.35% 11.06% 0.106 0.222 0.451
N. America Technology 1.82% 9.90% 0.166 0.256 0.581
N. America Utilities 0.82% 7.81% 0.082 0.083 0.238
Europe Consumer goods 1.42% 9.59% 0.129 0.194 0.454
Europe Consumer services 0.37% 8.35% 0.023 0.031 0.083
Europe Energy -1.49% 13.19% -0.126 0.369 0.628
Europe Financial -0.86% 14.08% -0.074 0.334 0.532
Europe Health care 1.46% 7.07% 0.182 0.148 0.469
Europe Industrial 0.39% 13.13% 0.016 0.313 0.535
Europe Technology -0.22% 12.43% -0.032 0.257 0.464
Europe Utilities -1.71% 10.94% -0.173 0.24 0.492
Asia Consumer goods 0.28% 8.74% 0.012 0.229 0.588
Asia Consumer services 0.47% 7.94% 0.037 0.119 0.336
Asia Energy -0.51% 13.66% -0.05 0.44 0.723
Asia Financial -0.54% 27.88% -0.026 0.454 0.365
Asia Health care 0.90% 8.21% 0.088 0.058 0.157
Asia Industrial -0.08% 11.29% -0.023 0.285 0.566
Asia Technology 0.16% 11.19% -0.002 0.256 0.514
Asia Utilities -0.53% 7.00% -0.1 0.007 0.022
Latinamerica All Equities -0.89% 16.06% -0.067 0.502 0.702
NorthAmerica (Real Estate) 1.27% 7.66% 0.143 0.061 0.179
UK (Real Estate) -1.04% 14.09% -0.086 0.123 0.195
Europe (Real Estate) -0.25% 13.97% -0.03 0.237 0.381
Asia (Real Estate) -0.08% 9.29% -0.028 0.178 0.429
NorthAmerica (Bonds) 1.14% 1.60% 0.603 -0.02 -0.286
Timberland (Unsmoothed) 1.40% 3.73% 0.329 0.01 0.058
Farmland (Unsmoothed) 2.79% 3.20% 0.816 0.004 0.029
When examining the relationship of assets with oil risk (last two columns in Table
6.5), we find that the oil sensitivity for North American bonds (-0.020), timber-
land (0.010), and farmland (0.004) are very low or even negative compared with
the rest of the assets. Thus, placing allocations among these assets may provide
advantages in hedging oil price risk. We can expect higher weights to be allo-
cated, in particular, to those assets with lower oil sensitivity and higher expected
return. Other assets exhibiting low oil sensitivity includes North American real
estate (0.061), North American utilities (0.083), Europe consumer services (0.031),
and Asian healthcare (0.058) and utilities (0.007). Some of these assets, however,
also present significantly low or even negative expected returns. Therefore, they
are unlikely to have an impact on the asset allocation. North American consumer
goods (0.110), consumer services (0.138) and healthcare (0.126), European con-
sumer goods (0.194), healthcare (0.148) and utilities (0.240), and Asian consumer
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services (0.119) and technology (0.256) are among the assets exhibiting a moderate
oil sensitivity. While energy, financial, and industrial sectors in all the geograph-
ical zones, together with the Latin American equity market, show significantly
higher levels of oil sensitivity. Moderate and high levels of oil sensitivity may be
tolerated depending on whether assets promise high levels of return or not. From
the initial examination of the historical performance of the data, we can expect
that portfolios with a significant component of those assets with low oil sensitivity
and high Sharpe ratio, could in principle lead to better performance of the overall
portfolio.
6.4.2 Analysis of the SWF performance
Figure 6.2 shows the performance of the modeled SWF when using the SAA de-
fined by the baseline portfolio (portfolio 1, excluding natural assets) during the
evaluated period. The figure also compares this with the actual performance reg-
istered by the GPFG during the same period. From the figure, it can be observed
that our baseline portfolio mirrors the behaviour of the GPFG. The correlation
between the returns of the baseline portfolio and the GPFG is 0.951, and the cor-
relation between their market value trajectories is 0.996. This represents a fairly
good approximation of the Norwegian fund for the purpose of our analysis. A
more precise replication of its behaviour would require more detailed data of the
GPFG’s allocation strategy. The market value of the modelled fund when using
the baseline portfolio was steadily increasing until the last quarter of 2007. As a
consequence of the financial crisis, significant negative returns were experienced
during the period Q4 2007-Q3 2008, resulting in a fall of the fund value due to
the downturn of global markets. From the summer of 2009, the fund started to
recover again continuously growing until the first quarter of 2014 when the market
value stabilized due to the fall of oil prices. Using the baseline portfolio, the SWF
experienced a net growth of 191.5% on its market value, going from its initial US$
305.4 bn in Q1 2007 to US$ 890.2 bn in Q1 2016. Total returns of the portfolio
averaged 0.67% per quarter (2.7% a year) with a volatility of total wealth (oil and
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financial assets) of 9.2%. The average return to overall risk ratio achieved is 0.072
and the oil exposure of the overall portfolio is 0.138, with a high positive correla-
tion with oil prices of 55.5%. When introducing changes in the SAA of the baseline
portfolio, significant variations in the performance of the SWF were found. Table
6.6 summarizes the results obtained for the sixteen different portfolios tested. The
table ranks the portfolios according to their performance as reflected by the return
to overall risk ratio, where the overall risk is defined in Equation (3.12) to consider
the aggregated wealth. A careful examination of the figures in the table allows
extracting some interesting observations.
Q
1
2
0
0
7
Q
4
2
0
0
7
Q
3
2
0
0
8
Q
2
2
0
0
9
Q
1
2
0
1
0
Q
4
2
0
1
0
Q
3
2
0
1
1
Q
2
2
0
1
2
Q
1
2
0
1
3
Q
4
2
0
1
3
Q
3
2
0
1
4
Q
2
2
0
1
5
Q
1
2
0
1
6
-0.15
-0.12
-0.09
-0.06
-0.03
0
0.03
0.06
0.09
0.12
0.15
R
e
t
u
r
n
GPFG
Baseline
Q
1
2
0
0
7
Q
4
2
0
0
7
Q
3
2
0
0
8
Q
2
2
0
0
9
Q
1
2
0
1
0
Q
4
2
0
1
0
Q
3
2
0
1
1
Q
2
2
0
1
2
Q
1
2
0
1
3
Q
4
2
0
1
3
Q
3
2
0
1
4
Q
2
2
0
1
5
Q
1
2
0
1
6
0
100
200
300
400
500
600
700
800
900
1,000
U
S
$
b
i
l
l
i
o
n
GPFG
Baseline
Figure 6.2: Returns and market value evolution for the baseline portfolio
(Eq=60%, Fi=35%, Re=5%) and the GPFG, Q1. 2007 - Q1. 2016
First, out of the sixteen portfolios analysed, the baseline portfolio is ranked 13
(shown in bold in the table) suggesting that most changes of transferring equity
investments into another asset type actually benefit the SWF performance. This
observation is particularly true when equity investments are replaced by invest-
ments in natural assets (portfolios 2, 3, 4) or fixed-income instruments (portfolios
11, 12, 13). However, the observation does not hold true when the replacement
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Table 6.6: Statistics on the performance of the tested portfolios ranked ac-
cording to the risk to overall return ratio
Portfolio Average Financial Financial Max. Oil Growth Oil Overall Return /
Q-return Volatility Sharpe Drawdown correlation exposure Risk Over.
Risk
ratio ratio
4 0.96% 4.33% 0.1881 28.3% 0.547 218.4% 0.1047 0.0846 0.114
3 0.90% 4.59% 0.1649 30.5% 0.550 212.9% 0.1114 0.0861 0.105
2 0.84% 4.84% 0.1440 32.7% 0.552 207.5% 0.1180 0.0876 0.096
13 0.77% 4.31% 0.1442 29.1% 0.527 201.0% 0.1005 0.0840 0.091
12 0.75% 4.57% 0.1316 31.1% 0.534 199.1% 0.1080 0.0856 0.087
7 0.78% 5.64% 0.1122 38.8% 0.563 201.1% 0.1404 0.0926 0.084
11 0.73% 4.83% 0.1203 33.1% 0.541 197.3% 0.1155 0.0872 0.083
6 0.76% 5.64% 0.1083 38.9% 0.562 199.2% 0.1399 0.0925 0.082
5 0.73% 5.63% 0.1044 39.0% 0.560 197.2% 0.1394 0.0924 0.079
10 0.70% 5.52% 0.0998 38.2% 0.557 193.6% 0.1360 0.0917 0.076
9 0.69% 5.54% 0.0984 38.4% 0.557 193.2% 0.1364 0.0918 0.075
8 0.69% 5.56% 0.0969 38.6% 0.556 192.8% 0.1368 0.0919 0.075
1 0.67% 5.62% 0.0925 39.2% 0.555 191.5% 0.1379 0.0922 0.072
14 0.62% 5.57% 0.0848 39.9% 0.535 191.5% 0.1318 0.0914 0.068
15 0.60% 5.56% 0.0821 40.1% 0.528 191.4% 0.1298 0.0911 0.066
16 0.59% 5.56% 0.0793 40.3% 0.520 191.4% 0.1277 0.0909 0.065
is done in real estate. Reducing equity investments to increase allocations in real
estate was found to be counterproductive as the resulting portfolios (portfolios 14,
15, 16) underperformed the baseline portfolio. Second, the best performance re-
sults from replacing equity investments with natural asset investments (portfolios
2, 3 and 4) rather than fixed-income or real estate. Increasing allocations in natural
assets at the expenses of reducing equity investments, contribute to significantly
improve all the performance indicators. Moreover, it is found that the higher the
percentage displaced from equities into natural assets, the better the performance.
For instance, when 15% of the Equity allocation is shifted to natural assets (port-
folio 2), the return-to-overall risk ratio of the portfolio improved from 0.072 to
0.096. The maximum drawdown was diminished from 39.2% to 32.7%, allowing
a faster recovery of the market value to the pre-crisis level. And the net growth
in market valued was enhanced from 191.5% to 207.5%. The oil exposure of the
overall portfolio is also decreased from 0.1379 to 0.1180. These improvements in
the indicators are even higher when shifting 25% of equity allocations into natural
assets (portfolio 4). In this case, the return-to-risk ratio is improved to 0.114, the
maximum drawdown is reduced to 28.3%, the net growth is enlarged to 218.4%,
and the oil exposure is reduced to 0.1047, registering the best performance among
all the portfolios compared. The second best effects are observed when moving
equity investments into fixed-income (portfolios 11, 12 and 13). Although all the
indicators show significant improvements compared with the baseline portfolio too,
the level of improvement is not as high as the one achieved with natural assets.
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Finally, portfolios including natural asset investments, in general, perform better
compared with those without natural assets. No portfolio containing allocations
in natural assets underperform the baseline. Among those portfolios with natural
assets component, those ones in which natural assets replace real estate (portfolios
8, 9, 10) rank the lowest. This is due to the low fraction allocated to these assets.
In this sense, it is observed that the net benefits of including natural asset invest-
ments is subjected to the structure of the investment portfolio. Those portfolios
in which natural assets investments are included at the expenses of reducing al-
location in equities, tend to capitalise greater net benefits in terms of the metrics
considered. Whereas portfolios with reduced real estate share in sake of including
allocations in natural assets experienced less net benefits.
We now focus attention on those portfolios resulting from displacing 25% of equity
investments into natural assets (portfolio 4), fixed income (portfolio 13) and real
estate (portfolio 16) respectively, together with the baseline portfolio. Figure 6.3
shows the quarterly returns and market value trajectories for these portfolios. The
figure illustrates how portfolio 4 (Eq=45%, Fi=35%, Re=5%, Na=15%) exhibits
the best performance, achieving an average return 0.29% higher, an overall volatil-
ity 0.76% lower, and a growth 27% greater compared to the baseline. Portfolio 13
(Eq=45%, Fi=50%, Re=5%, Na=0%) also improves the performance relative to
the baseline portfolio providing an average return 0.1% higher, an overall volatil-
ity 0.82% lower and a net growth 9.5% larger. Yet the improvement provided by
this portfolio is still lower compared to portfolio 4. As for portfolio 16 (Eq=45%,
Fi=35%, Re=20%, Na=0%), its effects on the performance were rather negative.
Despite the overall risk decreased 0.14%, the average return also decreased 0.08%,
providing a return-to-risk ratio 0.008 lower and shrinking growth in 0.1% in com-
parison to the baseline.
In Figure 6.4, we present the global efficient allocations for portfolio 4 across
the evaluation period. Efficient allocations in equity are well diversified among
the different sectors. Some of the sectors that receive the greatest weights steadily
throughout the period include North America consumer good, European consumer
goods and healthcare, and Asian energy and utilities. That is, in general, sectors
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Figure 6.3: Returns and market value evolution for portfolios 1, 4, 13 and 16,
Q1. 2007 - Q1. 2016
with lower oil sensitivity and higher expected returns. Sectors with a relatively
low expected return and high volatility, such as European and Asian consumer
services, or sectors with a high oil sensitivity compared to their Sharpe ratio
such as finance, industrial and technology in the three continents, receive low
weights during the whole period. Other sectors with a variable performance, such
as North American healthcare and utilities, and Asian healthcare, received low
weight during the quarters close to the crisis that progressively increased in the
quarters after the crisis. A contrary behaviour is observed for Latin American
equity, which receives significant weights during the crisis quarters that diminish in
the most recent quarters. As for real estate markets, the highest weights are given
to the North American, European and Asian markets, while the UK receives the
lowest weight staying almost invariant during the examined period. The weights
given to the fixed income instrument remain constant (35%) as only one asset is
considered in this category. Regarding the natural asset components, we find that
farmland is noticeably favoured receiving the largest proportion of the allocation
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along the period, while timberland receives the smallest one. Farmland returns are
associated with a higher expected return and lower oil sensitivity when compared
with timberland.
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Figure 6.4: Globally efficient allocations for portfolio 4 (Eq=45%, Fi=35%,
Re = 5%, Na=15%)
6.4.3 Oil exposure analysis
Oil inflows to the fund are a direct expression of the oil risk. Figure 6.5 shows the
oil inflows perceived by our modelled SWF during the studied period. Inflows to
the fund were steadily increasing until the second quarter of 2008, driven by the
rapid rise of oil prices experienced in the quarters before the crisis. By the second
half of 2008, oil prices plummeted from approximately US$140 to just US$39.9 per
barrel. As a result, inflows to the fund were severely affected too, falling nearly 70%
from US$ 25.3bn in Q2 2008 to only US$ 7.7bn in Q4 2008. From the first quarter
of 2009, with the partial recovery of oil prices inflows exhibited a slow growth that
extended until Q1 2011, when it reached US$ 17.8bn. Since early 2011, inflows
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started to progressively fall again until reaching their lowest value of US$ 2.9bn at
the beginning of 2016. The fall was particularly significant after the second quarter
of 2014, affected by the conditions experienced in oil markets during the recent
years. In Figure 6.6, we illustrate the normalized cumulative value of oil inflows
received by the fund since the beginning of the evaluation period. In addition, we
also compare the inflow with the normalized growth trajectory of the fund when
using the baseline portfolio (our reference) and portfolio 4 (the best performing).
The cumulative capital transferred to the fund was increasing at an average rate
of 5.2% per quarter from Q2 2007 to Q2 2008. After the second quarter of 2008,
the increase of capital transfer slowed down to an average of 2.5% per quarter
until Q2 2014. The growth rate was slowed further after the second half of 2014,
as a result of the collapse of oil prices, averaging only 0.8% per quarter from Q3
2014 to Q1 2016. The speed at which the cumulative value of oil inflows increases
is affected by the oil risk. Higher prices of oil would in principle lead to a rapid
increase, while lower prices would slow it down.
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Figure 6.5: Oil inflows perceived by the Sovereign Wealth Fund
The hedging capability of the investment portfolio against the oil risk, together
with its expected return, contributes to the speed at which the portfolio grows.
A portfolio presenting better hedging properties is able to offset oil risk, and
therefore, reduce losses from oil prices fall. The analysis of the oil exposure for the
tested portfolios reveals that a portfolio with natural assets can provide significant
hedging against oil risk compared to the baseline. Figure 6.7 presents the oil
exposure registered for portfolios 1, 4, 13, and 16 across the evaluation period.
For the different portfolios examined, the SWF registered a negative exposure to
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Figure 6.6: Normalized cumulative capital transferred to the fund and port-
folio growth
the commodity risk until the third quarter of 2008. When oil prices were rising
and global financial markets were performing well, the allocation strategies defined
by the global portfolios allow the allocations to exhibit the negative oil sensitivity
necessary to output a negative exposure. The baseline portfolio, in this case,
presented the least negative exposures averaging -0.0060 between Q2 2007 and Q3
2008. A portfolio in which 25% of equities allocations are replaced by natural
assets (portfolio 4) exhibits a more negative exposure during the same period with
an average of -0.0161. An even greater improvement is obtained for the cases in
which the 25% of equity investments are shifted to fixed income (portfolio 13) or
real estate (portfolio 16) averaging -0.0221 and -0.0275, respectively. After the final
quarter of 2008, oil prices failed together with most equity markets. As a result, a
positive exposure is exhibited for the portfolios during the remaining quarters. In
this case, the baseline portfolio presents the highest exposure to oil risk, averaging
0.1159 during the period Q4 2008-Q1 2016. Portfolio 4, which include natural
assets, significantly reduces the oil exposure compared to the baseline. The average
exposure for this portfolio was reduced to 0.0855 for the same period. It is worth
noticing here, that the reduction achieved by portfolio 4 (0.030) compared to
the baseline is comparable with that of portfolio 13 (0.033), which provides the
minimum exposure among all portfolios compared with an average of 0.0828. From
this figure, we can observe that natural assets, given their lower sensitivity with
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oil risk, can contribute to reducing the oil exposure of the overall portfolio. This
observation shows the hedging property associated with natural asset investments.
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Figure 6.7: Oil risk exposure for portfolios 1, 4, 16 and 16
6.5 Discussion
In this part of our research, we have examined the effect of including natural as-
sets (i.e. timber and farmland) in the SAA of an oil-sourced SWF. We model the
investment portfolio of the fund following the theoretical approach introduced by
Gintschel and Scherer (2008) and assess its performance based on growth rate,
average return, volatility, and portfolio exposure to oil risk during the period Q1
2007- Q1 2016. The allocation strategy and investment universe in our analysis
are built taking the portfolio model and mandates from Norway’s GPFG as a
reference. Historical data on quarterly returns are inputted into our model to rep-
resent a global investment universe comprised of equity, fixed-income, real estate,
and natural asset instruments. We also conducted a comparison of 16 investment
portfolios resulting from different SAA with and without natural assets.
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The obtained results indicate that adding timberland and farmland investments
in the SAA of an oil-based SWF have a positive effect on the performance of the
portfolio. The positive effects are particularly significant when supplanting equity
investments with investments in these alternative instruments. Allocating 15% in
timberland and farmland assets can yield a net growth of the fund market value
27% larger compared to a portfolio composed of traditional assets only, over a nine-
year period. In addition, it is found that timberland and farmland assets provide
significant reductions in the exposure to commodity risk and improve the return-
to-risk characteristic of the portfolio. The benefits of timberland and farmland
investments result from the higher average return and lower volatility experienced
by these assets in recent years when compared with most equity and real estate
markets. This was found to be the case even when adjusted (unsmoothed) re-
turns are considered. Moreover, timberland and farmland tend to exhibit low oil
sensitivity that provides them with a hedging property against oil price risk. Our
findings suggest that investments in natural assets may be a desirable choice for
oil-based SWFs seeking to diversify their investment strategy in the current oil
market turmoil. Although, current performance is not guarantee of future prices,
further research could investigate whether similar finding are observed in other
past or future periods of low oil prices, in order to extend the generalization of the
results. Nevertheless, the results obtained in this analysis do support the idea en-
visioned by some commercial wealth managers that real assets, including natural
assets, have the potential to evolve into a mainstream asset class of comparable
importance to traditional equity and fixed income assets. Increasing investments
in natural assets mean that investors will need to face increasing liquidity risk.
Managing this risk, however, can pay off with a return premium. In addition, by
investing in assets such as timberland and farmland, SWFs could not only benefit
from these investments, but they would be redirecting wealth derived from non-
renewable natural assets into renewable natural assets. This investment approach
implies a circular relationship with natural resources that is in accordance with the
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Hartwick-Solow1 rule of economics. Thus, SWFs could be though as mechanisms
that can be adapted to promote sustainable asset allocations and support natural
wealth preservation.
One of the main limitations of our study is the constraints found in the data
when modelling SWFs. The detailed data required to reconstruct the investment
universe and oil inflows of an SWF includes having access to their portfolio com-
position, the fund’s mandates, major investment recipients (e.g., firms, bond class,
real estate markets, etc), time series of monthly or quarterly returns, levels of oil
exports, oil revenues allocated to the fund, among others. Many of this required
data often remain highly confidential in most SWFs. For this reason, we have
used Norway’s GPFG as our case study since it is one of the few funds with a high
degree of transparency when reporting its activities. Another limitation is found
when representing investments in natural assets. This asset class has been limited
to investments in timberland and farmland in the US private market. Timberland
markets in the US have reached maturity, in consequence, returns have gradually
decreased and stabilized in recent years. In search of new opportunities, many
institutional investors are currently turning their attention to alternative timber
markets in Africa, Asia, and Latin America (UNECE-FAO, 2015). Regarding
farmland, despite the US market showing a steady growth in recent years, the
higher returns and grow rates have been actually reported in emerging markets
such as Romania, Hungary, Poland, Zambia, Mozambique, and Brazil (SavillsRe-
search, 2014). Timber and farmland markets are opening significant opportunities
for SWFs in order to add value to their performance, and therefore, should be
promoted as serious alternative investment options for investors seeking for alter-
natives to traditional assets. The opportunities offered by timber and farmland
investments will be more apparent for large institutional investors rather than for
smaller short-term focused funds, since the firsts have the ability to manage higher
levels of liquidity risk and capitalize long term benefits.
1In the economics literature, the Hartwick-Solow rule refers to compensating the depletion
of non-renewable natural capital by reinvesting the economic rent from depletion in renewable
capital forms (see Hartwick (1977) and Solow (1974)).
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The geographical limitations of the analysis presented in this chapter leads to
findings to be applicable mainly in the context of a rich develop economy, with
solid institutions and high levels of transparency, such as Norway. In order to
extend our results to other, non “so ideal”, contexts it would be interesting for
future research to apply a similar analysis to SWFs located in developing, less
transparent, or less democratic countries, provided that data is available. Future
work can also investigate the effect that investments in emerging timberland and
farmland markets may have over oil-founded SWFs portfolio to assess their poten-
tial. A study combining these two aspects could provide insights on how feasible
and effective it would be to implement the SWF approach to finance and recover
natural capital in developing economies where the majority of the non-renewable
resources actually lie.
7
Conclusions
7.1 Summary and implications
N
atural capital value has been falling steadily in the last decades, and
although this decline has been recognised and studied by scholars, the
use of accounting and finance as disciplines for addressing and prevent-
ing this decline is new. Specifically, the loss of natural capital around the world has
motivated the development and implementation of accounting and finance mech-
anisms designed to measure and recover the value of natural capital. As a result,
research efforts have increasingly focused on assessing the extent to which natural
capital accounting and finance can contribute to identifying the drivers of change
in relation to the value of natural capital stock over time, and have attempted
to better understand how to allocate major investments in natural capital assets.
The present thesis has studied three relevant aspects of natural capital accounting
and finance. First, we have investigated the use of natural capital accounts as an
integral part of wealth accounting in order to track changes in the value of natural
capital, and also analysed the major factors driving those changes in the specific
case study of the UK. Second, we have examined the financial performance of in-
vestments in natural capital and compared it with the performance of other asset
classes, such as equities, bonds, real estate, and infrastructure. Our aim in this
area has been to identify benefits and challenges for private investors. And thirdly,
we have evaluated the capability of Sovereign Wealth Funds (SWFs) to dedicate
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significant investments into natural capital. A number of relevant implications for
policy makers, investors, and researchers emerge from our findings. Table 7.1 sum-
marises of the research objectives, methodologies and results corresponding to each
analytical component of the present thesis. Additionally, Table 7.2 summarizes
the main implications and lessons learned derived from this research.
The analysis introduced in Chapter 4 has addressed the objective of evaluating
changes in natural capital value within the framework of total wealth for the spe-
cific case of the UK. Results obtained in this chapter show that the UK’s national
wealth is predominantly comprised by its human and produced capital that, when
taken together, accounts for more than 94% of total wealth. Whereas the value of
natural capital, on the contrary, represents only a small fraction of 6% of wealth.
A wealth composition of this type is standard in most developed economies and
makes the major drivers of wealth changes contingent upon variations in the values
of human and produced capital, i.e., factors such as employment and unemploy-
ment rate, average wages, and levels of investment in infrastructure largely shape
the aggregate wealth trajectories. Given that the majority of these factors may be
significantly affected by changes in GDP, changes in wealth value are also positively
associated with changes in GDP. A financial shock in the form of an economic cri-
sis can therefore have a detrimental effect on wealth trajectories, turning upward
trends into downward ones. Conversely, we found that the value of natural capital
is less associated to GDP changes when compared with human or produced capi-
tal. Nevertheless, given the current low share of natural capital in terms of total
wealth, it is unlikely at present that changes in the value of this capital form can
have a direct influence on the risk of declining per capita wealth. Our analysis of
the UK wealth composition has revealed that recovering the value of natural capi-
tal and increasing its contribution to wealth is fundamental in order to introduce
resilience in levels of aggregate wealth against the threat of financial shocks.
In the analysis of the condition of the UKs natural capital, we found that most
of the natural capital value (in the considered set of natural assets measured) is
concentrated in ecosystem services. The ecosystem services of outdoor recreation
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and GHG sequestration represent nearly 90% of the value of all the natural as-
sets quantified in the UK. This is followed by the value of non-renewable natural
capital, which accounts for nearly 6%, and renewable natural capital with the
remaining 4%. Moreover, results from our analysis also indicate that the value
of all the forms of natural capital, i.e., non-renewable, renewable and ecosystem
services, have been in steady decline in the last 10 years. It is noteworthy that the
rate of decline has been faster for non-renewable natural capital in particular, over
the period 2003-2013, due to depleting oil and gas reserves. Thus, variations in
the value of outdoor recreation, determined by the number of people visiting recre-
ational sites, as well as reductions in oil, gas and coal production rates, represent
the major drivers of aggregate natural capital value losses since approximately the
year 2000. Nevertheless, as oil and gas reserves continue to deplete to exhaustion
levels, and coal production progressively slows, the drivers of resources over the
period 2015-2020 are expected to change. Factors from renewable natural capital,
such as the outputs from the agriculture and water supply industry, will begin to
take precedence over the factors from non-renewable natural capital, such as oil,
gas and mineral production in affecting the risk of losing natural capital value.
This finding provides a hint about the specific natural assets to which attention
should be paid in the coming years in order to reverse the declining trajectory
traditionally followed by natural capital value. That is, to increase the value of
natural capital in the UK, priority should be given to investments and decisions
that enhance the value of renewable natural capital and ecosystem services, with
particular focus on outdoor recreation, agricultural production and water supply.
The research in Chapter 4 has contributed to the theory of using natural capi-
tal accounts as a useful tool to manage natural assets more efficiently based on
the information generated by the accounts. In this sense, we have demonstrated
that, with the help of natural capital accounts, we can track changes in natural
capital (and other capital forms) value, identify the major drivers of change, and
distinguish from those assets that require more attention. The analysis carried in
this work, hence, confirmed the general principle exposed by other works in the
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literature (e.g., Guerry et al. (2015), Helm (2015), Bateman et al. (2015), Ben-
well et al. (2014), WAVES (2014)), establishing that accounting is necessary to
informing about a sustainable natural capital management. A major implication
for policy makers derive from this analysis. Natural capital accounting approach
is important to support effective decision making when designing strategies and
policies aiming at preserving the value of natural capital in a country. Accounting
methodologies for natural capital may be in many cases inaccurate, partial or lead
to significantly different estimates (Engelbrecht, 2016). Moreover, they may offer
a simplified picture of the real condition of natural resources given the underlying
assumptions found in the valuation methodologies used (Cairns, 2013; Arrow et al.,
2012; Smulders, 2012). Nevertheless, despite these drawbacks, natural capital ac-
counts still generate valuable information that can be useful to produce guidelines
to managing natural resources more efficiently. As evidenced by our research and
in accordance with the literature, natural capital accounts provide a more compre-
hensive picture of the wealth composition of a country. Furthermore, accounting
systems facilitate tracking trajectories and changes in the value of natural assets
over time, as well as, identifying the most significant drivers (including ecological,
macroeconomic, and market factors) affecting natural capital stock and testing
the sensitivity of natural capital trajectories to economic shocks. Understanding
the factors that produce changes in natural capital value is essential to design in-
terventions that minimize negative impacts. Therefore, the information generated
by natural capital accounts can be used by policy makers to rank assets based on
their relevance and design more effective initiatives in order to recover the value
of natural capital. Additionally, researchers can use this information to increase
the understanding of the different drivers affecting the value of natural assets and
their relationship with other social and economic factors. In our research, we have
to some extent demonstrated this for the UK, one of the leading countries in the
implementation of natural capital accounting. We were able to able to do so be-
cause the UK have already produced initial estimates of its natural capital, and
the country has elaborated extensive statistics on the different elements of natural
capital accounts over the past decade.
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Nevertheless, the applicability of accounting approaches for natural capital in other
countries is subjected to the ability of collecting large amount of data over long
periods of time. Natural capital accounts are data intense as they require having
comprehensive statistics about a wide range of ecological, economic, social, and
market issues with a relatively high level of detail (Hein et al., 2015). Moreover,
the data has to be consistently collected over several years in order to produce
trends that allow noticing changes. This large data requirement, may limit the
implementation of the approach to countries with robust statistical systems and
institutions, where the information necessary for natural asset valuation exists
and is well documented. Developing countries with weaker data records may be
particularly prone to this limitation. Policies, in these cases, should be oriented at
creating reliable and transparent statistical records that enable the elaboration of
natural capital accounts. Good examples of efforts in this direction can be found in
Mozambique, Botswana, Namibia, and India (see e.g., Ollivier and Giraud (2011),
Lange (2004), Dasgupta (2014)). Similarly, it is also important for international
organizations, such as the UN, The World Bank, OECD, among many others, to
continue intensifying their efforts on generating global standards and guidelines
that facilitate the adoption of accounting methodologies and norms for natural
capital around the world. Efforts from these organizations to date include the
publication of natural capital estimates for multiple countries (TheWorldBank
(2001) UNEP&UNU-IHDP (2014)) and the development of general natural capital
accounting frameworks (SEEA-CF (2012)). Yet, further efforts are still required
to facilitate a wide adoption of the natural capital accounting approach, and to
extend the number of natural capital assets currently considered in the existing
frameworks. Additionally, leading nations in the implementation of natural capital
accounts, such as Norway, Canada, Australia, or the UK could also contribute by
spreading the lessons learnt from the implementation of their accounting systems,
highlighting the major benefits and challenges encountered. This would facilitate
the adoption of natural capital accounting in lagging nations.
In addition to the accounting approach, the present thesis also points that recover-
ing values of natural capital will require significantly increasing direct investments
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in natural assets. The contribution of private investors in this regards will be
essential. Private investors have traditionally regarded investments in natural
capital as poor performers, and as a consequence given relatively little importance
to these investments. In the aim to increase awareness of their benefits for in-
vestors, our work introduced in Chapter 5 has investigated the performance of
investments in natural capital assets and compared it with the performance of
other traditional asset classes (e.g., equity, real estate and fixed income) as well as
non-traditional assets, e.g., infrastructure. The results obtained from this analysis
demonstrate that direct investments in real natural capital may certainly be at-
tractive to both private and institutional investors due to their financial benefits.
Real natural assets, in the form of timberland and farmland properties, have ex-
hibited higher average expected returns during the period 2004-2016, in addition
to lower volatility and greater diversification potential, than those exhibited by
traditional assets, such as equities, bonds and real estate. The differences in per-
formance were more notorious, particularly after the 2008 financial crisis, i.e., we
demonstrated that real natural assets can provide private investors with protec-
tion against unexpected inflation and hedging against the risk of liquidity shocks
in stock markets. Nevertheless, all of the aforementioned benefits were absent in
non-real forms of natural capital assets, which were shown to underperform when
compared to the rest of the assets. The differences in performance comparisons
between real and non-real forms of natural capital assets were also confirmed in
our investigation of the effects of their inclusion in investment portfolios composed
of traditional asset classes and infrastructure. By modeling investment portfolios
using out-of-sample simulation techniques with Markowitz portfolio optimisation,
we showed that portfolios containing real natural assets outperform those exclud-
ing them in all the metrics tested (i.e., mean return, volatility, Sharpe ratio, and
maximum drawdown). Conversely, the portfolios with investments in non-real
natural assets tended to underperform the portfolios that excluded them. This
part of the research contributed with insights to the empirical evidence reported
by other works (e.g., Miroshnychenko et al. (2017), Silva and Cortez (2016), Chan
and Walter (2014), Eichholtz et al. (2012), Olsson (2007), Derwall et al. (2005))
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on the relationship between green investments and the financial performance of
portfolios. In this sense, our finding helped to clarify the question of what type of
green investment can be attractive for investors and under which conditions they
can benefit portfolios compounded by traditional assets. A number of implications
for private investors derive from this analysis. Private investors seeking financial
benefits in natural capital investments should focus on direct investments in real
natural assets rather than indirect investments in non-real natural assets. The
focus on real natural assets would allow investors to design green portfolios that
can be environmentally beneficial and, at the same time, financially profitable. By
recognizing these benefits, investors can gain comfort in increasing their alloca-
tions toward natural capital and support the adoption of sustainable investments.
Therefore, the general investors perception on green investments as bad performers
could be challenged. Nevertheless, the lack of liquidity and long holding periods
associated with real natural asset also implies that investors have to be willing
to accept higher levels of liquidity risk and, thus, adopt appropriate strategies to
manage it.
The analysis of natural capital investments conducted in this research was limited
to two forms of real natural assets, namely private timber and farmland properties
specifically traded in the US market. Moreover, the analysis was constrained
to the time span 2000-2016 due to data availability. In this sense, it can be
argued that findings are limited to investments in developed and well mature
markets. In order to generalize the findings derived from this work, it would be
advisable to extend a similar analysis to include information from other important
timber and farmland markets around the world, and in particular from developing
economies in South America, Eastern Europe, Sub-Saharan Africa and Southern
Asia, which have experienced the greatest growth in recent years. Attempting
this, however, faces two major challenges. Firstly, financial indexes tracking the
performance of timberland and farmland markets, as well as other real green assets,
in developing countries are scarce or inexistent. Therefore, creating more indexes
able to track the performance of natural capital investments in these markets
is essential to facilitate research and motivate investors to increase allocations in
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natural capital traded in emerging economies. And secondly, natural assets traded
in those markets and included on those indexes have to be associated to sustainable
management. Timberland and farmland assets traded in emerging markets are
in many cases associated to unsustainable practises (e.g., illegal deforestation,
over exploitation, etc.) (Sun and Bogdanski, 2017; Leblois et al., 2017; Faria and
Almeida, 2016; Dieter, 2009). A wide adoption of recognized certification schemes
is, therefore, necessary to guarantee the sustainable management of the underlying
natural assets and to enable the finance of truly sustainable instruments. On the
other hand, an investigation of the performance of natural capital investments for
future time period will be interesting too, in order to evaluate whether similar
findings can be also obtained in future economic contexts.
The final part of the thesis looked at new investment mechanisms to finance nat-
ural capital. In this part of the research, we show that with the emergence of
SWFs as major global investments in the last decade, private and institutional
investors can overcome some of the barriers associated to natural capital invest-
ment. Unlike other types of investors, SWFs meet the requirements set by real
natural assets due to their large size and commitment to long-term investment.
Moreover, since the majority of SWFs worldwide are funded by rents received from
non-renewable natural capital exploitation, these funds have the opportunity to
compensate for the depletion of non-renewable resources by investing their rents
in renewable forms of natural capital. Our objective to address the capability of
SWFs to invest significantly in natural capital was addressed in Chapter 6. Here,
we have evaluated the performance of an SWF portfolio when dedicating major
allocations in real forms of natural capital assets. Analysis results are robust; they
provide evidence showing that, when real natural assets were included in an SWF
portfolio, the funds performance improved significantly in terms of a better return-
risk characteristic, greater market value growth, saved losses, and less exposure to
commodity risk. Importantly, our results also revealed that the benefits of natu-
ral capital investments for an SWF are more apparent during times of financial
hardship when equity investments tend(ed) to underperform. Furthermore, results
also showed that levels of asset allocations by SWFs in natural capital, which are
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presently in the range of 2-5%, can be raised further to 15-20% with these funds
still benefitting. The results here obtained have implications for authorities con-
sidering the use of SWFs to support a sustainable management of their natural
capital. SWFs are normally established as financial vehicles with specific pur-
pose, including stabilization, saving, or preserving pensions (IWG, 2008). Given
their capability to dedicate significant investments into renewable natural capi-
tal while managing revenues from non-renewable resources, a further purpose for
SWFs could be defined towards preserving natural capital. An SWF may be set
by national or regional authorities to support investments in sustainable forestry
or farmland assets, and simultaneously preserving the value of exploited oil, gas,
or minerals for future generations. The use of an SWF with this purpose can be
suitable in countries and regions rich in non-renewable natural resources that are
also aiming at maintaining the value of their renewable natural capital.
The extent to which SWFs will dedicate larger allocations to natural assets de-
pends on their ability to manage liquidity risk, as well as, their capability to
define clear long term investment strategies. Moreover, the extent to which in-
creased allocations in natural assets will be sustainable depends on the capability
of managing the underlying assets sustainably. In well developed markets, such as
the case of the US considered in our study, timber and farm assets are generally
managed by Timber Investment Management Organizations (TIMOs) and Real
Estate Investment Trusts (REITs). These managing institution are required to
obtain certification of sustainable and responsible asset management in order to
operate and trade their products in the US market (Zhang et al., 2012). Certifi-
cation, generally includes a management addendum associated to a forest area or
farmland property authenticated by certified office. Internationally recognized cer-
tification offices include the Forest Steward Council (FSC), the Programme for the
Endorsement of Forest Certification Schemes (PEFC), and the International Or-
ganisation for Standardization (ISO). Although, certification is key to support sus-
tainability of these natural capitals, certification only in not enough. As suggested
by Mason (2017), certification schemes should be complemented with traceability
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and mapping along the supply chain to identify and prevent illegal logging. More-
over, the author considers that certification must be also complemented with an
increased awareness of the importance of the sustainability aspect of natural asset
investments for investors. SWFs targeting at natural assets should adhere to prin-
ciples of responsible investments such as the UN’s PRI, which includes guidelines
for sustainable investments in timberland and agriculture (AquilaCapital, 2015).
Therefore, policies encouraging the adoption of certification schemes should be
embraced and also supported with business regulations that aim at improving the
natural asset investment strategy of SWFs, if sustainability is to be delivered to
their increased allocations. As previously discussed, the challenge will be also to
extend these initiatives to other timber and farmland markets around the world
that can be attractive for SWFs investments, such as Australia, New Zealand,
Brazil, Romania, Hungary, Poland, Zambia, or Mozambique, for instance.
The overall thesis results, obtained from the different analyses on natural capital
accounting and finance, provide strong support for the idea that recovering the
value of natural capital is indeed feasible. We have argued that the use of ac-
counting mechanisms, combined with greater understanding of the performance
of natural capital investments as well as the adaptation of new investment mech-
anisms such as SWFs, can contribute significantly to the reversal of the losses
traditionally experienced by natural capital value. Accounting frameworks for
natural capital were proven in this thesis to be useful for generating information
on the condition of natural assets, tracking changes in value over time, and iden-
tifying the major drivers of value changes. The information provided by natural
capital accounting can therefore be used to design effective policies oriented to the
recovery of countries natural capital stocks. Moreover, this information may also
assist in identifying which particular natural asset investments should be priori-
tised. In addition, knowledge about the financial performance of natural capital
investments and their potential benefits for traditional investment portfolios could
be a decisive factor in encouraging private and institutional investors to increase
their investments in natural capital. In this regard, we have demonstrated that
natural assets have the potential to be considered by investors at the same level
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of relevance as traditional and infrastructure assets. Increasing direct allocations
in natural capital is a fundamental decision towards recovering the stock of re-
newable resources, improving the condition of ecosystem services, and achieving
more efficient use of non-renewable resources. Similarly, the contribution of new
investment instruments such as SWFs is also important in the process of increas-
ing investments in natural capital in a significant way. If set appropriately, SWFs
can provide a mechanism to extend the value of non-renewable forms of natural
capital and also dedicate major investments destined to recover renewable natural
capital. Therefore, the research conducted in this thesis demonstrates that the
adoption of accounting and finance mechanisms for natural capital is absolutely
essential to the recovery of natural capital value.
7.2 Research limitations
Despite the main contribution of this thesis, which has demonstrated the impor-
tance of accounting and finance in the recovery of the value of natural capital,
we have nevertheless encountered several limitations. In regard to natural capital
accounts, one of the major limitations faced by accounting systems is the limited
number of natural assets that can actually be accounted for. Quantifying the value
of natural assets requires complex models and the recording of extensive data on
a wide array of environmental factors. Complex models are normally based on a
large number of assumptions that may be considered improbable in many cases.
Moreover, gathering the data required to make monetary estimations of natural
capital is challenging and requires sufficient time in order to generate long-enough
time series. In addition, many natural assets are intangible and their value hap-
pens to be difficult to quantify. The limitations of quantifying the value of many
forms of natural assets lead us to natural capital estimates which are only par-
tial rather than comprehensive. Information extracted from partial estimates of
natural capital accounts, although useful, may be skewed. These limitations in
natural capital accounting may be overcome in the future as new methodologies
and approaches emerge, or existing ones are further developed.
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A significant limitation found when analysing the performance of investments in
natural capital corresponds to data unavailability. Financial indexes which track
the performance of real natural assets, are scarce, and can only be found for
well-developed markets like the US. Whereas other important markets for natural
capital investments, particularly in developing countries, are difficult to evaluate
due to the scant reportage of financial data. This limitation imposes constraints
on the number of natural capital investments that can be studied. Therefore, a
major challenge is to develop more financial indexes that are capable of tracking
the performance of natural assets, and in particular, real natural assets.
In relation to the analysis of SWFs as a mechanism for investing in natural capital,
one of the major limitations found relates to the constraints in the data required
to model an SWF portfolio. Most SWFs are opaque and do not openly provide
information on their activities nor do they report their investment strategies in
detail. The lack of transparency associated with these funds is the main focus in
much of the literature. We had to refer to Norway’s GPFG as our case study, as
it was one of the few SWFs that provides public access to sufficient data in order
to replicate its performance fairly accurately. In this part of our research we also
encountered the same data limitations mentioned above in terms of natural asset
investments; the investments used in this thesis were proxied using the timberland
and farmland markets in the US, while excluding other relevant markets emerging
in developing countries.
7.3 Future research
The limitations found in the analyses of natural capital accounting and finance pre-
sented in this thesis nevertheless have implications for future research, providing
opportunities for future contributions. Further research can embark on develop-
ing new methodologies or refining existent ones to account for the value of more
natural capital assets and ecosystem services, and include them in the national
accounts. For example, the Office for National Statistics has announced that they
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are developing the accounts for valuing biodiversity in the UK. This effort could
be extended to the quantification of the value of other ecosystem services, such
as flood hazard reduction, cultural heritage and aesthetic experiences. As new
methodologies are formulated and data continue to emerge, they can be included
in an expansion of the model presented in Chapter 4, and thereby provide a more
comprehensive representation of total natural wealth. The constructed model can
also be expanded by incorporating more empirical relationships between capital
assets. Doing so would facilitate the study of the impacts that other significant
variables might have on the risk of following decreasing trajectories of wealth and
natural capital. The effect on the risk of declining natural capital of other eco-
nomic factors of interest, such as discount rates, commodity price fluctuations,
changes in the inflation rate, or average duration of visits to recreational sites, can
also be investigated. The study of discount rates for natural capital accounting
in particular represents a great opportunity for researchers to contribute further
as the existing literature has not reached any consensus on what discount rates is
more suitable for natural capital studies (Khan and Greene, 2013).
In the case of the performance evaluation for natural capital investments, further
assets can be included in the analysis, provided that data is available. Moreover,
the performance of direct investments in timberland and farmland assets traded
in developing markets in Africa, Eastern Europe and South America, can also
be analysed to provide broader insights for investors about the most attractive
markets relative to natural capital investment. Future efforts can also be dedicated
to the development of new financial indexes that track the performance of different
forms of green investments, with an emphasis on real natural assets. A larger
number of financial indexes for natural capital assets would promote the research
on the benefits of these investments, thereby incentivising private investors to
dedicate greater allocations in natural capital. Another interesting research strand
would be to combine the models developed for total wealth management with the
model of SWF investments. The outcome could lead to the development of a
general model for assessing the impacts of establishing an SWF on natural capital
management and sustainable development with the purpose of preserving natural
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capital value. Such a model could, for example, assist the UK in support of the
decision to develop natural capital funds to be applied in the possible adoption of
fracking technology for the extraction of oil and gas resources.
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Table 7.2: Summary of lessons learned and implications
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Globally efficient portfolios
This demonstration has been taken from Gintschel and Scherer (2008). As show in
Chapter 3, the standard Mean-Variance approach to estimate efficient portfolios
(i.e. locally efficient portfolios), minimises wTΣw subject to the constrains that
the portfolio achieves a target expected return wTz = µ and the budget constrain
wT1 = 1. Ingersoll (1987) demonstrates that the optimal portfolio weights in this
case are
wL(µ) = Σ
−11
1
∆
[µ(1TΣ−11)− (zTΣ−11)] + Σ−11 1
∆
[zTΣ−1z− µ(1TΣ−1z)]
where
∆ = (1TΣ−11)(zTΣ−1z)− (zTΣ−11)2.
The equivalent problem of finding globally efficient portfolios minimizes V ar(r) =
ω2σ2o + (1−ω)2wTΣw + 2ω(1−ω)σ2owTb subject to the constraints 1Tw = 1 and
zTw = µ. The Langragian for the problem is
L = (1− ω)wTΣw + 2ωσ2owTb + λ(1− 1Tw)γ(µ− zTw)
The first order conditions are
2(1− ω)ΣwG(µ) + 2ωσ2ob− λ1− γz = 0,
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which solved for the portfolio weights one obtains
wG(µ) =
1
2(1− ω)Σ−1(λ1 + γz− 2ωσ2ob)
.
If we substitute this equation into the constrain equations, solving for the con-
straints, and substituting these again into the optimal portfolio weights
wG(µ) =
1
2(1− ω){
2(1− ω)
∆
[zTΣ−1z− µ1TΣ−1z]
+
2ωσ2o
∆
[(1TΣ−1b)(zTΣ−1z)− (zTΣ−1z)(1TΣ−1z)]}Σ−11
+
1
2(1− ω){
2(1− ω)
∆
[µ1TΣ−11− zTΣ−11]
+
2ωσ2o
∆
[(1TΣ−11)((zTΣ−1b)− (zTΣ−11)(1TΣ−1b)]}Σ−1z
− 2ωσ
2
o
2(1− ω)Σ
−1b
where ∆ = (zTΣ−1z)(1TΣ−11)− (1TΣ−1z)(zTΣ−11). Reorganizing
wG(µ) =
1
∆
[zTΣ−1z− µ1TΣ−1z]Σ−11 + 1
∆
[µ1TΣ−11− zTΣ−11]Σ−1z
+
ωσ2o
(1− ω){
1
∆
[(1TΣ−1b)(zTΣ−1z)− (zTΣ−1z)(1TΣ−1z)]Σ−11
+
1
∆
[(1TΣ−11)(zTΣ−1b)− (zTΣ−11)(1TΣ−1b)]Σ−1z−Σ−1b}
The first two terms in this equation represent wL(µ). Therefore,
wG(µ) =wL(µ) +
ω
(1− ω) × σ
2
o{
1
∆
[(1TΣ−1b)(zTΣ−1z)− (zTΣ−1z)(1TΣ−1z)]Σ−11
+
1
∆
[(1TΣ−11)(zTΣ−1b)− (zTΣ−11)(1TΣ−1b)]Σ−1z−Σ−1b}
The hedge portfolio is a zero-net investment portfolio, meaning that wTH1 = 0.
The net position of the portfolio is
1TwH =σ
2
o1
T{ 1
∆
[(1TΣ−1b)(zTΣ−1z)− (zTΣ−1z)(1TΣ−1z)]Σ−11
+
1
∆
[(1TΣ−11)(zTΣ−1b)− (zTΣ−11)(1TΣ−1b)]Σ−1z−Σ−1b}
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Expanding the previous expression we obtain
1TwH =
σ2o
∆
{(zTΣ−1z)(1TΣ−11)(1TΣ−1b)− (1TΣ−1z)(1TΣ−11)(zTΣ−1b)
+ (1TΣ−1z)(1TΣ−11)(zTΣ−1b)− (1TΣ−1z)2(1TΣ−1b)
− (zTΣ−1z)(1TΣ−11)(1TΣ−1b) + (1TΣ−1z)2(1TΣ−1b)}
=
σ2o
∆
0
As we also claim that wH has zero expected return (i.e. z
TwH = 0),
µ = zTwG(µ) = z
TwL(µ) +
ω
(1− ω)z
TwH = µ+
ω
(1− ω)z
TwH
Therefore, zTwH = 0 since ω/(1− ω) > 0.
B
List of assumptions
The stochastic model developed for wealth accounting is based on a number of
assumptions adopted in the methodologies to estimate the value of each capital
asset. The results obtained from the evaluation of the model; therefore, are valid
only in the presence of these assumptions. Due to these assumptions and the
complexity of the model, there is the possibility that certain wealth components,
or the value of total wealth, may be over or underestimated. Moreover, the values
obtained for the risk of declining per capita natural capital and wealth may also
vary if some of these assumptions are relaxed. Thus, our findings and results are
interpreted within the conditions defined by these assumptions. Below, the major
assumptions considered in the model are given.
A. Produced capital
• The value of produced capital is assumed to be associated entirely with the
land use category settlement. Thus, all the produced capital is assumed to
be found in the settlements.
• Future values of produced capital per area of settlement are assumed to fol-
low the historical linear trajectory exhibited between 1999 and 2013.
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B. Human capital
• It is assumed that labour earnings depend only on labour marginal produc-
tivity. Therefore, other factors affecting wages, such as market conditions,
discrimination, unions, etc, have been neglected.
• An individual of a given age, gender, and educational level is assumed to
maintain the same labour income, employment rate, mortality rate, and the
probability of upgrading its educational level over a year period between year
t and t+ 1.
• It is assumed that an individual cannot go down in its educational attainment
level.
• The mortality rate is assumed to be a good proxy for the survival rate,
which determines the chances of an individual to remain alive for the next
time period.
• The labour productivity growth rate is assumed to be 2% per year, as sug-
gested by Lindsay (2004).
• The discount rate is assumed to be 3.5% per year, as recommended in the
Green Book by HMTreasury (2003).
• No further educational enrolment is allowed for individuals having achieved
the highest educational level considered.
• Is has been assumed that the probability of an individual at a given educa-
tional level to upgrade to a higher educational level increases at a constant
annual rate of 0.08% for all educational levels. This is based on the aver-
age historical education enrolment rates changes registered over the period
1999-2013.
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C. Natural capital
On minerals and coal
• Mineral and coal reserves are assumed to provide value flows for 25 years.
In other words, the asset life for mineral and coal is assumed to be 25 years.
• The patterns of future resource rent ratio is assumed to be constant based
on the average of the latest 5 years data.
On oil and gas
• The valuation of oil and gas assets is based on proven and probable reserves.
Proven reserves are defined as those having at least 90% chance of being
available for future extraction, while possible reserves are those with no less
than 50% chance (SPEandWPC, 2017).
• Future values for oil and gas operational total cost are assumed to increase
at a constant rate based on the average growth registered for the past 16
years of data.
• The asset live for oil and gas assets is assumed to be determined by the years
to depletion of proven and probable reserves.
• Future levels of proven and probable oil and gas reserves are assumed to
follow an exponential decrease trajectory base on the trajectory described in
the past 16 years.
On agricultural land, water supply and fishery
• The asset live for agriculture, water supply, and fishery assets is assumed to
be 25 years.
• Future values of resource rent ratio are assumed to follow a constant trajec-
tory based on the average of the latest 5 years of data.
194
• Future values for the total cost (i.e. intermediate consumption, compensa-
tion of employees, difference between taxes and subsidies, fixed capital con-
sumption, and return to produced assets) associated with the agricultural,
water supply and fishery industry, are assumed to growth at a constant rate
given by the average of the past 14 years data.
On timber resources
• The net return of timber resource rent is received when the timber is har-
vested.
• The harvesting age is assumed to be 50 years and all timber is assumed to
be available for wood supply.
• The volume of standing timber for each age class is assumed to be fixed at
304m3/ha, the expected volume at harvesting age estimated by Khan et al.
(2013).
• The total area covered by timber resources in the UK is assumed to match
that of the area of land use classified as forestland by the LULUCF sector.
• The proportion of standing timber in each age class in a given year is as-
sumed to follow the dynamic given by
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Year Age category
1 2 3 4 5 6
(0-20) (21-40) (41-60) (61-80) (81-100) (+100)
≤ 2009 23.6% 32.6% 24.1% 10.3% 5.1% 4.3%
2010-
2012
2.8% 44.7% 43.3% 7.2% 1.5% 0.5%
2013-
2017
2.4% 34.3% 50.2% 10.6% 2.0% 0.5%
2018-
2022
2.3% 30.2% 51.6% 12.8% 2.5% 0.6%
≥ 2027 2.7% 28.5% 48.9% 16.1% 2.8% 1.0%
based on the historical and projected figures on timberland area by age
category compiled from the following sources: UKFC (2015); Malcolm et al.
(2013); NFI (2012) and NFIR (2011).
• The asset life for timber resources is assumed to be given by the time to
harvesting age. Therefore, it is given by subtracting the middle point of the
age category from the harvesting age.
On outdoor recreation
• Private transport fuel cost and the cost of visiting time are assumed to be a
good proxy to estimate the value of outdoor recreational sites.
• It is assumed that there could be a mechanism to charge visitors for their
average willingness to pay if a market existed for outdoor recreational sites.
• It is assumed that all visitors to recreational sites are working people. Thus,
the cases of retirees, children, or unemployed people are not taken into ac-
count.
• An asset life of 25 years is assumed to discount the resource rent of outdoor
recreation in the net present value.
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• Visitors of recreational sites are assumed to incur in transport fuel and vis-
iting time cost for the sole intention of enjoying the outdoor recreation pro-
vided by the natural environment.
• 75% of the average hourly wage is assumed to be a good approximation of
the opportunity cost of time.
• Due to the lack of available data, it has been assumed that the average
expenditure per person on petrol and diesel per visit is given by a normal
distribution.
• Similarly, the average duration of a visit to a recreational site is assumed to
be described by a normal distribution.
On greenhouse gas sequestration
• The market price for carbon is assumed to be the same as the social price of
carbon.
• The asset life for carbon capture is assumed to be 25 years.
• The total land area of the UK has been assumed to remain fixed during the
evaluation period.
• Greenhouse gases emission/capture from forestland, cropland, settlement
and others are assumed to mainly depend on the area of land associated with
their corresponding land category (i.e. land use) and not on the transition
to another land use (i.e. land use change).
• Greenhouse gas emissions from grassland are assumed to mainly depend on
the land transition to or from another land use category, rather than on the
area of grassland.
• Greenhouse gas emissions from wetlands are assumed to depend mainly on
peat extraction rather than on the area of wetlands.
C
Empirical relations defined in the wealth model
Relationship between changes in UK employment rate and GDP growth
Employment rate and wages, fundamental variables determining the value of hu-
man capital, can be affected by trajectories of economic growth (GDP). These
relationships are included in the developed model in order to capture the effects of
GDP changes over human capital estimation. Following Seyfried (2005), a lagged
model is used to represent changes in employment rate, et, as a function of GDP
growth, Dt, such that
et = β
e
0 + β
e
1Dt + β
e
2Dt−1 + α
e
1et−1 + α
e
2et−2 + α
e
3et−3 + 
e (C.1)
where ε(∆E) ∼ N(µ(∆E), σ(∆E)). The lag structure in the model have been adapted
to UK data using Akaike’s information criterion (AIC). The value of the regression
coefficients and the regression statistics for this empirical relationship are presented
in Table C.1.
Relationship between annual wages and changes in unemployment
In the case of the annual labour income, Bg,d,t is first expressed as a function
of the unemployment rate, which is given later as a function of GDP growth.
The relationship between unemployment rate and changes in real wages has been
modelled following the approach proposed by Gregg et al. (2014). This approach
relates the log of real wages with changes in unemployment, lagged unemployment
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Table C.1: Regression coefficients for the relationship changes in employment
rate and GDP growth, expressed in Equation (C.1)
Dependent variable: et
Coefficients
βe0 -0.0603
(0.001)
βe1 0.0606
(0.000)
βe2 0.058
(0.000)
αe1 0.3558
(0.000)
αe2 0.1781
(0.023)
αe3 0.1654
(0.022)
Statistics
R2 0.60
AIC -577.84
Observations 172
Residuals
Mean 0.000
Std. Dev. 0.181
Shapiro-Wilk 0.328
Kolmogorov-Smirnov 0.200
Note. The p-values are presented in parentheses
and a trend. Thus, the relationship is represented as follows
log(Bg,d,t) = α
B
0 + α
B
1 log(Ut) + α
B
2 log(Ut−1) + α
B
3 log(Ut−3) + β
B
0 t+ 
B, (C.2)
where Ut is the unemployment rate at time t and 
B ∼ N(µB, σB). Table present
the values obtained for the correlation parameters in Equation (C.2).
Unemployment rate and GDP growth
The relationship between unemployment rate and GDP growth, also known as
Okun’s law, is taken from Olusegun (2015) who has demonstrated the validity of
this relationship for the case of the UK between 1971 and 2013. Therefore, Ut is
given by
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Table C.2: Regression coefficients for the relationship annual wages and un-
employment, expressed in Equation (C.2)
Dependent variable: log(Bg,d,t)
Coefficients
αB0 10.419
(0.000)
αB1 0.0802
(0.017)
αB2 -0.1984
(0.001)
αB3 -0.1545
(0.000)
βB0 0.00863
(0.000)
Statistics
R2 0.962
AIC -119.84
Observations 13
Residuals
Mean 0.00
Std. Dev. 0.007
Shapiro-Wilk 0.709
Kolmogorov-Smirnov 0.200
Ut = α
U
0 + α
U
1 Dt + 
U . (C.3)
the value for the regression coefficients in Equation (C.3) are presented in Table
C.3 with their respective statistics.
Mortality rate and time
The mortality rate for the population in each age group varies with the pass of the
years given the progress in health care and technology that allow extending life
expectancy. In order to capture this dynamic, mortality rates have been modelled
as a function of time using simple linear regression, and their trajectories are
assumed to be followed by future years. Hence, they are modelled as
hg,t = α
h
0 + α
h
1t+ 
h, ∀g ∈ G (C.4)
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Table C.3: Regression coefficients for the relationship between UK unemploy-
ment rate and GDP growth, expressed in Equation (C.3)
Source: Olusegun (2015).
Dependent variable: Ut
Coefficients
αU0 0.134996
(0.000)
αU1 -0.074496
(0.000)
Statistics
R2 0.388
AIC -0.273
Observations 168
Residuals
Mean 0.00
Std. Dev. 0.209
Shapiro-Wilk -
Kolmogorov-Smirnov -
where the value for the regression coefficients are provided in Table C.4
Table C.4: Regression coefficients for the relationship between UK mortality
rate by age and time, expressed in Equation (C.4)
Dependent variable: hg,t
Age 16-20 Age 21-30 Age 31-40 Age 41-50 Age 51-60 Age 61-64
(g = 1) (g = 2) (g = 3) (g = 4) (g = 5) (g = 6)
Coefficients
αh0 0.0194 0.0105 1.17E-2 0.0117 0.3222 0.6844
(0.000) (0.001) (0.000) (0.000) (0.000) (0.000)
αh1 -9.48E-6 -4.962E-6 -5.36E-6 -3.64E-5 -1.58E-4 -3.36E-4
(0.000) (0.001) (0.000) (0.000) (0.000) (0.000)
Statistics
R2 0.909 0.502 0.798 0.954 0.969 0.989
AIC -350.8 -333.8 -354.4 -317.33 -274.5 -267.14
Observations 17 17 17 17 17 17
Residuals
Mean 0.00 0.00 0.00 0.00 0.00 0.00
Std.
Dev.
3.0E-5 5.0E-5 3.0E-5 8.0E-5 2.9E-4 3.5E-4
Shapiro-
Wilk
0.359 0.787 0.057 0.459 0.117 0.231
Kolmogorov-
Smirnov
0.200 0.200 0.037 0.2 0.130 0.200
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Hourly wages and unemployment
Average hourly wage, Zt, is also related to GDP growth through unemployment
rate as we did for annual wages. In this case, the empirical function linking hourly
wages with unemployment rate takes the form
log(Zt) = α
Z
0 + α
Z
1 log(Ut) + α
Z
2 log(Ut−1) + α
Z
3 log(Ut−3) + β
Z
o t+ 
Z , (C.5)
where Ut is given by Equation (C.3). The correlation coefficients for Equation are
presented in Table C.5.
Table C.5: Regression coefficients for the relationship hourly wages and un-
employment, expressed in Equation (C.5)
Dependent variable: log(Zt)
Coefficients
αZ0 2.6871
(0.000)
αZ1 0.1063
(0.002)
αZ2 -0.1720
(0.001)
αZ3 -0.1461
(0.000)
βZ0 0.00812
(0.000)
Statistics
R2 0.962
AIC -122.9
Observations 13
Residuals
Mean 0.00
Std. Dev. 0.006
Shapiro-Wilk 0.709
Kolmogorov-Smirnov 0.200
GHG sequestration and land use
The amount of gases sequestered or emitted for forestland, cropland, settlements
and others is calculated as the product between the average emission per area, λjt ,
and the land area of the respective category, Ljt . Average emissions per area are
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modelled as a function of time using polynomial regression in order to capture the
dynamics involved in the variations of emissions. The model can be written as
λjt =
∑
w
αjw · (t)w + j, ∀j ∈ J (C.6)
where the degree of the polynomial model, w, is determined for each case using
AIC, and j is a zero-mean error term with standard deviation σj. The value
obtained for the correlation coefficients in Equation (C.6) are summarized in Table
C.6.
Table C.6: Regression coefficients for GHG sequestration per land area of
forestland, croplands, and others, expressed in Equation (C.6)
Dependent variable: λ
j
t
Forestland (j = 1) Cropland (j = 2) Settlement (j = 5) Others (j = 6)
(1999-2050) (1999-2012) (2013-2050) (1999-2012) (2013-2050) (1999-2050)
Coefficients
α
j
w=0 -6.0179 2.73 4.1877 4.1 3.317 -4.1204
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
α
j
w=1 -0.4385 -0.2315 -0.099 2.676E-3 0.8133
(0.000) (0.000) (0.000) (0.000) (0.000)
α
j
w=2 0.065 -1.16E-3 7.348E-3 0.0106 -2.175E-4 -0.1615
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
α
j
w=3 -3.8E-3 -1.512E-4 -6.941E-4 0.0118
(0.000) (0.000) (0.000) (0.000)
α
j
w=4 1.061E-4 1.7615E-6 1.5415E-5 -3.9311E-4
(0.000) (0.000) (0.000) (0.000)
α
j
w=5 -1.372E-6 -8.519E-9 6.1244E-6
(0.000) (0.000) (0.000)
α
j
w=6 6.75E-9 -3.623E-8
(0.000) (0.000)
Statistics
R2 0.987 0.973 0.999 0.998 0.999 0.879
AIC -254.00 -154.581 -522.50 -207.79 -475.04 -102.51
Observations 52 23 38 23 38 52
Residuals
Mean 0.00 0.00 0.00 0.00 0 0.00
Std. Dev. 0.0768 0.0325 0.0009 0.009 0.002 0.329
Shapiro-
Wilk
0.163 0.312 0.330 0.069 0.36 0.316
Kolmogorov-
Smirnov
0.088 0.079 0.200 0.186 0.200 0.200
Emissions from grassland are modelled using a multivariate linear regression model
built as a function of land use changes to and from grassland. The reason for this
is that emissions in grassland do not primarily depend on the current area of
grassland only, but instead, they depend on the land transition, particularly those
resulting from converting grassland into forestland and settlements. Therefore,
the model describing emissions from grassland is given by
Λjt = α
gra
0 + α
gra
1 L
gra−for
t + α
gra
2 L
gra−gra
t + α
gra
3 L
gra−set
t + 
gra, (C.7)
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where Lgra−fort , L
gra−gra
t , L
gra−set
t are the area of grassland converted into forest-
land, remaining grassland, and converted into settlements respectively. The value
for the correlation coefficients in Equation (C.7) are presented in Table C.7.
Table C.7: Regression coefficients for GHG sequestration per land area of
grassland, expressed in Equation (C.7)
Dependent variable: Λjt
Grassland (j = 3)
(1999-2050)
Coefficients
αgra0 -32,658,745.17
(0.000)
αgra1 126,315.55
(0.000)
αgra2 1,722.08
(0.001)
αgra3 37,010.05
(0.100)
Statistics
R2 0.913
AIC 536.15
Observations 22
Residuals
Mean 0.00
Std. Dev. 167,164.2
Shapiro-Wilk 0.931
Kolmogorov-Smirnov 0.200
In the case of wetlands, GHG emissions in this land category are associated to
peat extraction. Hence, we use a simple linear regression model to relate changes
in peat extraction with changes in emissions from wetlands. The model has the
form
Λwett+1 − Λwett = αwet0 + αwet1 ξt + wet, (C.8)
where ξt are changes in peat extraction at time t and the term 
wet is normally dis-
tributed with zero-mean and standard deviation σwet. The correlation coefficients
for Equation (C.8) are given in Table C.8.
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Table C.8: Regression coefficients for GHG sequestration per land area of
wetlands, expressed in Equation (C.8)
Dependent variable: Λwett+1 − Λwett
Coefficients
αwet0 0.3356
(0.382)
αwet1 0.647
(0.000)
Statistics
R2 0.998
AIC 7.25
Observations 12
Residuals
Mean 0.00
Std. Dev. 1.196
Shapiro-Wilk 0.382
Kolmogorov-Smirnov 0.340
D
Data for UK wealth Estimation
Table D.1: Current value of UK produced capital assets (£million), 1999-2013.
Source: UK National Balance Sheet by Assets, Office for National Statistics,
TheBlueBook (2014)
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Fixed assets - - - - - 5580351 5805392 6316729 6773557 6363823 6419841 6969106 7097817 7283566 7614753
Dwellings 1848900 2106500 2267800 2737100 3054000 3426979 3555026 3915330 4313647 3922602 4048757 4259804 4281069 4443681 4653683
Other buildings and structures - - - - - 1328260 1370215 1497159 1502985 1378660 1308499 1585035 1654186 1652893 1739387
Buildings and other dwellings 541400 610400 572900 592100 611200 661290 664165 752050 701329 596500 562223 796869 808795 774168 824741
Other structures 472400 486700 52100 541500 579700 666970 706050 745109 801656 782160 746276 788166 845391 878725 914646
Machinery and equipment - - - - - 578746 623054 634154 665281 732412 744231 772317 791892 800092 814331
Transport equipment 58600 62500 65900 72600 82700 154010 155845 160095 177664 180572 174841 192594 187684 195010 199428
ICT equipment - - - - - 21881 20098 20113 20162 23246 25216 26828 26741 27901 28642
Other machinery and equipment 380100 395400 406300 410600 415800 402855 447111 453946 467455 528594 544174 552895 577467 577181 586261
Cultivated biological resources 53300 54000 53200 53800 54700 86678 95364 106093 123093 157545 148427 178097 192913 203665 219032
Intellectual property products - - - - - 159688 161733 163993 168550 172604 169927 173853 177757 183236 188320
Inventories 174900 174700 174700 180400 184800 197105 207475 217093 233395 245046 233459 244890 255727 259323 269089
Total 3710500 4176300 4334000 4888600 5344300 5777456 6012867 6533822 7006952 6608869 6653300 7213996 7353544 7542889 7883842
Table D.2: UK minerals export value (£million), 1999-2012.
Source: British Geological Survey (BGS), UK Mineral Yearbook 2013, (BGS,
2013)
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Silver 113.8 356.5 160.1 143.9 268.6 188.1 360.1 164.31 408.43 1307.18 266.09 995.49 2049.74 778.19
Chalk 3.8 2.7 1.9 2.1 2.0 2.1 2.0 1.67 2.08 4.51 1.87 1.54 1.68 1.34
Salt 22.13 16.55 17.47 20.14 23.20 26.76 26.52 29.09 28.11 33.99 31.509 35.35 41.55 38.52
Sand and gravel 30.73 31.27 32.39 32.10 36.71 36.41 40.49 45.50 46.62 50.03 48.69 44.82 45.16 36.05
Lead (Unwrought-Bullion) 4e-3 0.143 0.0 0.014 0.039 0.014 0.33 0.072 0.00 0.00 0.00 0.04 1.40 2.96
Peat (thousand cubic metres) 3.62 3.40 2.99 2.84 3.76 3.64 3.63 3.54 4.25 4.86 7.55 6.65 7.423 6.85
Limestone 5.19 4.18 2.09 2.51 3.63 3.43 3.99 5.74 4.89 3.17 2.76 3.16 3.44 2.45
Coal 39.96 40.09 34.04 30.37 32.17 37.19 39.70 35.53 41.00 95.73 72.13 84.88 77.45 71.50
Table D.3: UK minerals export volume (Tonnes ’000), 1999-2012.
Source: British Geological Survey (BGS), UK Mineral Yearbook 2013, (BGS,
2013)
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Silver - - - - - - - - 2.12e-4 3.98E-4 5.14E-4 5.06E-4 5.31E-4 2.3E-4
Chalk 9,667 9,213 8,205 8,587 8,066 7,997 7,105 7,376 7,566 5,874 4,047 3,626 3,996 3,473
Salt 3,000 3,000 3,000 3,200 3,200 2,800 2,800 2,800 2,800 5,565 6,166 6,666 6,060 6,152
Sand and gravel 100,953 101,622 101,397 94,424 91,211 97,333 94,666 92,107 93,236 85,473 66,226 617,000 63,100 56,600
Lead (unwrought-bullion) 40.63 36.70 36.00 36.00 9.00 36.00 36.00 36 36 36 36 36 36 36
Peat (th m3) 1.65 1.63 1.81 0.97 2.01 1.26 1.50 1.593 0.89 0.76 0.89 1.00 0.82 0.57
Limestone 86,933 84,348 88,238 80,688 78,935 81,648 77,596 80,228 83,491 74,145 60,111 56,985 58,100 54,800
Coal 37,077 31,197 31,930 29,989 28,279 25,096 20,498 18,517 17,007 18,053 17,874 18,417 18,627 17,047
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Table D.4: Data on UK oil & gas reserves, level of production, prices, capital
expenditure associated to oil & gas activities, 1999-2014.
Source: UK OilandGasAuthority (2016)
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Oil & NGL reserves (MM tonnes) 1,120.0 1,010.0 955.0 920.0 857.0 816.0 816.0 777.0 780 769 768 751 787 810 746 746
Gas reserves (MM tonnes) 1,166.1 1,105.9 1,018.0 925.5 837.5 765.4 673.7 633.0 598.8 556.2 522.0 481.2 455.3 426.6 418.3 -
Oil & NLG production (MM toe) 137.1 126.2 116.7 115.9 106.1 95.4 84.7 76.6 76.6 71.7 68.2 63.0 51.9 48.6 49.9 49.9
Gas production (MM toe) 93.8 102.9 100.3 97.9 96.9 90. 83.5 75.7 68.7 66.9 56.3 51.5 40.3 40.3 39.8 39.0
Oil price (£/barrel) 15.74 16.86 13.13 19.25 18.68 22.20 31.46 33.78 45.79 22.00 47.57 52.00 69.20 74.40 70.20 65.90
Gas price (p/therm) 17.3 20.4 14.6 20.4 27.5 48.5 55.2 40.8 67.6 27.2 36.3 43.4 60.6 63.4 63.5 59.6
Capital expenditure (£billion) 3.52 3.10 3.99 3.99 3.75 3.70 4.83 6.43 6.39 6.05 5.94 6.10 8.90 12.30 11.30 10.10
Operating expenditure (£billion) 4.25 4.36 4.35 4.60 4.50 4.66 5.11 5.60 5.99 7.02 7.33 7.20 7.20 7.70 8.10 8.50
Exploration and appraisal (£billion) 0.65 0.48 0.57 0.52 0.43 0.50 0.56 0.92 1.27 1.43 1.11 1.20 1.40 1.90 1.80 1.70
Decommissioning cost (£billion) - - - - - 0.15 0.41 0.14 0.16 0.16 0.39 0.30 0.40 0.60 0.90 0.80
Table D.5: Output (in current £million) for the UK agriculture, fishery, and
water supply industries, 1999-2012.
Source: UK National Accounts, Supply and Use tables, TheBlueBook (2014).
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Agriculture 4,272 4,316 4,643 4,440 4,478 4,569 4,877 5,365 5,903 6,233 6,155 6,220 6,396 6,688
Fishery 877 957 1,000 995 1,013 1,036 1,095 1,135 1,249 1,313 1,119 1,128 1,492 1,481
Water supply 4,272 4,316 4,643 4,440 4,478 4,569 4,877 5,365 5,903 6,233 6,155 6,220 6,396 6,688
Table D.6: UK stumpage price of coniferous standing wood, forest stocked
area, and forest new planing, 1999-2014.
Source: UK Forestry Commission and National Forest Inventory (NFI), Timber
statistics.
1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Stumpage price (£/m3) 11.25 10.63 10.09 9.28 7.10 6.79 7.23 8.39 8.97 13.71 9.77 9.99 13.88 13.96 13.01 15.03
Stocked area 2,377 2,982 2,707 2,716 2,724 2,730 2,741 2,743 2,750 2,841 2,841 2,846 3,079 3,080 3,127 3,138
New planting (ha) 17,000 17,900 18,700 14,400 13,700 12,400 12,000 8,800 10,800 7,500 6,400 5,400 9,100 12,700 10,800 12,900
Table D.7: UK data on the number of visits to recreational sites, duration of
visits, and average expenditure per visit, 2009-2013.
Source: UK MENE (2014).
2009 2010 2011 2012 2013
No of visits to recreational places (’000) 2,857,759 2,493,837 2,726,476 2,849,081 2,930,000
Avg. number of visits per person in a year 54.9 47.6 51.6 53.5 54.6
Avg. duration of visits (h) 2.02 1.97 1.97 2.12 2.02
Expenditure on petrol and diesel (£/visits) 3.74 3.86 3.94 3.8 -
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Table D.8: UK annual greenhouse gas emissions (tCO2e/year) for the land cat-
egories forestland,croplands, grassland, wetlands, settlements and others, 1990-
2012.
Source: Centre for Ecology & Hydrology, DEFRA.
Year Forestland Croplands Grassland Wetlands Settlements Others Net
1990 -15853784 16549376 -6279166 481726 6871327 -1682000 1893778
1991 -15697878 1675757 -6244794 489314 6813965 -1416000 1815839
1992 -16001685 16800401 -6387205 483225 6758676 -1109000 1320755
1993 -15962646 16403231 -6751307 476492 6710855 -1003000 509603
1994 -15835719 16492368 -6816163 594624 6671055 -793000 571883
1995 -15045137 16648333 -6821034 681085 6618221 -1041000 1517217
1996 -15483691 16735867 -7009569 587254 6592560 -1185000 780168
1997 -15504472 16490734 -7013451 524901 6573067 -1365000 413210
1998 -15908845 16390828 -7368985 404940 6538956 -1468000 -625098
1999 -16128625 16312977 -7544650 540906 6552378 -1513000 -1122329
2000 -16970038 15895862 -7354372 537000 6509514 -1268000 -2071723
2001 -17560104 15515361 -7518646 582893 6476096 -834000 -3093273
2002 -17803499 15226990 -7580602 391139 6418284 -267000 -4019116
2003 -18169632 15008024 -7470019 628724 6385146 42000 -4216951
2004 -18209270 14644534 -7718509 458965 6343398 368000 -5178321
2005 -18387872 14297325 -7807421 517389 6298529 -140000 -5670828
2006 -18160046 14085627 -8087073 538653 6238511 -544000 -6203296
2007 -18016959 13912552 -8170351 377023 6200259 -1293000 -6547927
2008 -17849167 13570959 -8178545 335515 6149227 - -6695453
2009 -17701018 13415998 -8201247 375105 6127210 - -6945757
2010 -17723675 12599966 -7830328 402614 6193213 - -7260176
2011 -17631049 12131188 -7679685 359189 6265465 - -7495834
2012 -16652646 11714385 -7634995 359244 6336303 - -6990212
208
Table D.9: UK land area (in Kha) for the land categories forestland,croplands,
grassland, wetlands, settlements and others, 1990-2013.
Source: Centre for Ecology & Hydrology, DEFRA.
Land area (Kha)
Year Forestland Cropland Grassland Wetlands Settlements Other Total
1990 2,360 6,110 13,798 177 1,718 253 24,416
1991 2,380 6,119 13,759 177 1,728 253 24,416
1992 2,399 6,128 13,721 177 1,737 253 24,415
1993 2,416 6,137 13,687 176 1,746 253 24,415
1994 2,435 6,146 13,651 176 1,755 253 24,416
1995 2,452 6,155 13,615 176 1,764 253 24,415
1996 2,472 6,164 13,578 175 1,773 252 24,414
1997 2,488 6,173 13,545 175 1,782 252 24,415
1998 2,504 6,182 13,511 175 1,791 252 24,415
1999 2,520 6,191 13,477 174 1,800 252 24,414
2000 2,536 6,200 13,445 174 1,808 252 24,415
2001 2,553 6,145 13,476 174 1,815 252 24,415
2002 2,569 6,090 13,509 173 1,822 252 24,415
2003 2,580 6,036 13,546 173 1,829 251 24,415
2004 2,590 5,982 13,583 173 1,836 251 24,415
2005 2,599 5,928 13,622 173 1,843 251 24,416
2006 2,607 5,874 13,660 172 1,851 251 24,415
2007 2,612 5,821 13,700 172 1,859 251 24,415
2008 2,619 5,768 13,739 172 1,866 251 24,415
2009 2,624 5,715 13,780 172 1,874 250 24,415
2010 2,627 5,662 13,823 172 1,881 250 24,415
2011 2,628 5,666 13,800 172 1,899 250 24,415
2012 2,633 5,672 13,771 172 1,916 250 24,414
2013 2,643 5,678 13,738 172 1,942 250 24,423
E
Unsmoothing approach
Fisher et al. (1994) introduce a formal smoothing model to represent the smoothing
phenomena experienced by NCREIF timber and farmland indices. The proposed
model relates the observed returns r∗t in each time period with the true unobserved
returns (i.e. not smoothed) rt, using a weighted expression of the form
r∗t = w0rt + w(B)rt−1, (E.1)
where w0 is a scalar between 0 and 1, and w(B) is a polynomial function in terms
of the lag operator B, such that
w(B) = w1 + w2B + w3B
2 + . . . (E.2)
From equation (E.1), the smoothed return can be represented by an autoregressive
model as follows
r∗t = ψ(B)r
∗
t−1 + w0rt, (E.3)
where ψ(B) is a lag polynomial operator specified as ψ(B) = ψ1 + ψ4B
3 to deal
with seasonality in the appraisal smoothing. Thus, the smoothing model takes the
form
r∗t = ψ0 + ψ1r
∗
t−1 + ψ4r
∗
t−4 + w0rt. (E.4)
Assuming that the mean of the observed returns remains the same as the true
returns, and this is given by E(rt) = µ, we can now rewrite Equation (E.4) is
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terms of the true returns as
rt = µ+
r∗t − ψ0 − (ψ1 + ψ4B3)r∗t−1
w0
(E.5)
The coefficients ψ0, ψ1, and ψ4 can be empirically estimated from the observable
data by assuming that the underlying true returns are uncorrelated across time,
implying that the term w0rt is white noise. To estimate the value of w0 an addi-
tional condition must be imposed over the volatility of the true returns (i.e. the
volatility of the true returns is κ%). This results in
w0 =
σ(r∗t − ψ(B)r∗t−1)
σ(rp)
=
σ(r∗t − ψ(B)r∗t−1)
κ
, (E.6)
At this point, Fisher et al. (1994) assume that the volatility of the true unsmoothed
returns of the type represented in the NCREIF indexes equal approximately one-
half that of the S&P500 (i.e. κ = σSP/2), based on practitioners perception. This
notion seems to be supported by Cremers (2013), Malinowski et al. (2012) and
Davis et al. (2014) on their analysis of timber and farmland returns. Alternatively,
Scholtens and Spierdijk (2010) report that the true volatility of the unsmoothed
NCREIF timberland index is ‘likely’ to be in the range 3-12%.
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